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Dust-borne iron plays an important role in modulating climate. Iron is a necessary micronu-
trient, crucial to growth of phytoplankton that fix atmospheric carbon dioxide into organic
carbon. Bioavailable iron is relatively scarce in the oxygenated ocean due to the low solubility
of oxidized iron, and it limits primary production in many ocean regions. Increased dust-
borne iron reaching iron-limited regions is associated with lower atmospheric carbon dioxide,
due to more complete utilization of new nitrogen (the biological pump). Since iron solubility
in the ocean is low, most iron is in the solid phase, including particles and colloids from dust
and insoluble iron oxyhydroxide minerals that precipitate when there is high dissolved iron
not chelated by organic ligands. The chemical form (speciation) of iron greatly impacts its
solubility, yet the mechanisms of solid-phase iron utilization by diatoms and the impact of
solid-phase iron speciation on dust-borne iron bioavailability are not well known. Glacial
activity has been associated with highly soluble minerals, but the impact of glacial activity
on bioavailable iron supply has not previously been quantified. In this dissertation, I inves-
tigate the role of solid-phase dust-borne iron speciation on its bioavailability to iron-efficient
diatoms, and its possible role in modulating climate through the efficiency of the biological
pump in the Southern Ocean. In Chapter 1, I show that primary iron(II) silicates mobi-
lized from bedrock through glacial physical weathering are more bioavailable than chemical
weathering products such as iron(III)-rich iron oxyhydroxides and secondary clay minerals.
In Chapter 2, I show that diatoms use solid-phase iron more efficiently when surface con-
tact between the cell and particle is allowed, suggesting a mechanism of solid-phase iron
utilization in addition to bulk solubility. In Chapter 3, I show that glacial activity increases
the relative bioavailability of dust-borne iron reaching the Southern Ocean, by increasing
the iron(II) silicate content. Finally, in Chapter 4, I present evidence that suggests physical
weathering of iron(II)-rich bedrock controls the speciation and bioavailability of particulate
iron across the globe. Thus, it is important to consider global and temporal changes in
dust-borne iron speciation and the proximity of dust and phytoplankton cells when mod-
eling carbon dioxide drawdown by iron fertilization of phytoplankton. It is also important
to consider the relative importance of physical versus chemical weathering to understand
iron fertilization on all timescales, and the relative importance of biotic and abiotic carbon
dioxide drawdown.
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Iron (Fe) is a necessary micronutrient for all marine phytoplankton, since it is involved
in photosynthesis and nitrogen-fixation, among other processes [1]. Yet, its solubility in
oxygenated seawater is low, making the immediately-bioavailable fraction relatively scarce
[2]. This low availability of Fe results in high-nutrient low-chlorophyll (HNLC) regions in
the ocean, where inputs of bioavailable Fe result in phytoplankton blooms and CO2 fixation
into organic matter [3]. When fertilized phytoplankton consume a higher fraction of new,
upwelled dissolved nitrogen, they can increase the efficiency of the biological pump and
lower atmospheric CO2 on fast, millennial timescales, as observed during dust-borne Fe
fertilization of the Southern Ocean at the Last Glacial Maximum (LGM) [4]. Since Fe
solubility is so low, much of the Fe in the ocean is associated with a solid phase, in colloidal
and particulate size fractions [5–7], especially near hydrothermal vent, dust, and continental
shelf sediment sources [8,9]. The chemical form (speciation) of this solid-phase Fe is thought
to impact its bioavailability to phytoplankton [10], yet most biogeochemical models assume
constant Fe bioavailability from dust regardless of its speciation [11], and potential changes
in dust-borne Fe speciation reaching the ocean over the last glacial cycle have not been
determined. In this dissertation, I combine techniques in marine biology, paleoclimatology,
and synchrotron-based analytical chemistry to study the impact of dust-borne Fe speciation
on its bioavailability to phytoplankton over the last glacial cycle, and potential controls on
global dust-borne Fe speciation.
0.1 The big picture: Dust-borne iron fertilization and
the biological pump
The main motivation for this work is the concept of iron fertilization increasing the efficiency
of the biological pump. The biological pump is the process by which phytoplankton use
surface nutrients, fix CO2 into organic matter, and then export that carbon into the deep
ocean where it is temporarily sequestered from the atmosphere [12]. Where there are unused,
2
upwelled nutrients at the surface of the ocean, the biological pump is not operating at full
efficiency, and more complete use of the upwelled nutrients will result in lower atmospheric
CO2 concentrations [12].
In 1990, John Martin hypothesized that we observe high unused nutrients in the surface of
the Southern Ocean because phytoplankton growth there is limited by the supply of Fe [13].
Thus, higher inputs of dust-borne Fe to the Southern Ocean at the Last Glacial Maximum
(LGM) could have increased primary productivity and contributed to the lower atmospheric
CO2 concentrations associated with cold glacial temperatures [13], based on an increase of
the efficiency of the biological pump. Related to this hypothesis, at a lecture at Wood’s Hole
Oceanographic Institute, Martin said: “Give me a half tanker of iron, and I will give you an
ice age” [14].
This dissertation aims to better understand how dust-borne Fe interacts with phyto-
plankton to influence atmospheric CO2 concentrations over the last glacial cycle, by looking
beyond total Fe and evaluating the importance of source and chemical speciation on dust-
borne Fe bioavailability.
0.2 The significance of solid-phase Fe in the ocean
Because of the low solubility of Fe in the modern ocean, much of the total Fe is in the solid
phase [7]. Every major Fe source to the ocean has a solid phase component: dust contains
a diverse mix of mineral phases depending on source [10, 15], shelf sediment resuspension
contains mostly solid-phase Fe [16, 17], and hydrothermal Fe precipitates as Fe(III) oxyhy-
droxide phases [18]. These solids are partitioned into colloidal and particulate size fractions,
which are thought to dissolve and reprecipitate throughout the water column to interact with
the soluble pool (Figure 1) [19]. These size fractions are all operationally defined by the size
of filter that they can pass through: particles will not pass through a 0.4 µm filter; colloids
will pass through a 0.4 µm filter but will not pass through a 0.02 µm filter; soluble Fe will
3
pass through a 0.02 µm filter. In many parts of the ocean, the colloidal phase makes up a
high fraction of the operationally-defined “dissolved” fraction in the surface ocean, which is
defined as all Fe <0.4 µm [6, 7, 20]. This colloidal fraction toes the line between the truly
soluble and particulate pools, because they remain in suspension until they aggregate (by
definition), yet the individual colloids maintain their mineral attributes [6]. Much of the dis-
solution of particles and colloids to the soluble pool is thought to involve iron-binding organic
ligands [19], yet the impact of solid-phase Fe mineralogy on ligand-mediated dissolution is
not well understood.
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in subsurface waters35. Other L2 sources include highly photoactive 
siderophores produced by some marine bacteria36 and photolysis- 
ligand products of some high-affinity marine siderophores37. 
Although the precise source and identity of these ligands remains 
elusive, they are thought to play an important role in keeping iron 
in solution18,20,33.
A significant portion of iron and iron-binding ligands can reside 
in both the soluble (<0.02 μm) and colloidal (0.02–0.4 μm) size 
ranges21,38. The vertical distribution of soluble and colloidal iron dif-
fers, suggesting different reactivities for each pool21. The mixed-layer 
residence time of iron within these pools varies: soluble iron has a 
residence time of months to years25, and colloidal iron has a residence 
time of months25. At present it is unclear what mechanisms influ-
ence iron and/or ligand exchange between these pools, but, in the 
upper ocean, photochemical reduction and biological uptake of iron 
probably aid its transfer between soluble and colloidal pools (Fig. 3). 
Aggregation of colloidal material may be assisted by dissolved 
(<0.2 μm) organic matter as it forms gels and ultimately organic 
particulates. These particulates will remove iron from the dissolved 
phase, aiding a redistribution of iron between the soluble and col-
loidal pools (Fig. 3). 
Each dissolved iron profile reflects the dynamic interplay 
between different supply (Fig. 1c and d) and removal processes. In 
surface waters, biological uptake decreases concentrations of iron 
in the soluble (truly dissolved) pool, to levels that do not permit 
precipitation of iron hydroxides20 (Fig. 2a). Under these conditions, 
ligand complexation of iron released from aerosol-derived litho-
genic particulates and colloids can occur, and is aided through pho-
tochemical reduction processes37 (Fig. 3). The proportion of iron 
released from such lithogenic particulates depends on their miner-
alogy, in particular how much iron is bound within the aerosol, and 
subsequent atmospheric and oceanic processing39.
Below the surface mixed layer, sinking detrital matter is bio-
logically degraded and transformed, releasing iron and organic lig-
ands35 into the soluble and colloidal pools. Complexation by natural 
ligands, and scavenging by sinking particles, compete for the iron 
as it enters these pools following particle breakdown40 (Fig. 3). 
Complexation will tend to increase dissolved iron concentrations, 
whereas scavenging will lower concentrations. Particles and col-
loids21 that scavenge iron may then aggregate with other colloids 
and particles and settle to the sea floor. The reactivity of iron in both 
the soluble and colloidal pools in the upper and subsurface ocean 
has important implications for the dissolution of aerosol dust, the 
acquisition and recycling of iron by biota, and the remineralization 
and scavenging of iron (Fig. 3). The interplay between these proc-
esses is explored in the following sections.
Iron supply
Iron supply terms can be divided into new (that is, adding to the 









































Figure 3 | Modification of aerosol iron upon entering surface waters. Upon deposition, quasi-instantaneous dissolution of aerosol iron (generally <1 to 
2%; refs 39,62) is followed by a putative longer-term (weeks) dissolution process (that is, coupled siderophore–photochemical mechanism)93. During 
dissolution most iron probably enters the colloidal pool40 where it interacts with ligands, although particulate iron can directly enter the soluble pool or 
be photoreduced (denoted by h ) to Fe(ii)37. L1 and L2 ligand classes reside in both soluble and colloidal pools21,38. In the colloidal phase, dashes between 
Fe(ii)  or Fe(iii) and L denote uncertainties regarding the type of complexed molecule formed (see Fig. 2). Lithogenic particles settle out after a residence 
time of weeks to months94. Subsurface waters are aphotic and hence there are fewer iron transformation pathways35.
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Figure 1: Transformations of particulate Fe in the ocean. A fraction of dust-borne Fe is usually immediately
soluble, and h to hemical (hν) and ligand-mediate (L) reactions also exchange Fe between th particulate,
colloidal, and truly soluble pools. The role of solid-phase Fe speciation in these reactions is not well known.
From Boyd and Ellwood (2010), Nature Geoscience. Reproduced with permission.
The international progra GEOTRACES (geot aces.org) h s organized resea ch char-
acterizing the sol ble, colloi a , nd particulate Fe pools in th ocean n order to better
understand ocean biogeoc emical cycles. Researchers have measured a lloidal Fe fraction
(0.02-0.2 µm) i the North Atlantic (Figure 2) and a particu ate Fe fraction (0.8-51 µm) in
the South Pacific (Figure 3), for example. These profiles sh w large ydrotherm l solid-phase
4
Fe contributions at mid-ocean ridges, in addition to some terrestrial sources of solid-phase
Fe. It is likely that there is more terrestrial solid-phase particulate and colloidal Fe than
truly soluble Fe close to dust sources and benthic sediments (Appendix A, Figure A.1), but
much more work should be done to characterize the size distribution of Fe from all sources
in all ocean basins, as well as evaluate the impact of Fe size distribution on Fe bioavailability
to phytoplankton.
Figure 2: Dissolved (soluble+colloidal, top plot) and soluble (bottom plot) fractions of Fe in a North Atlantic
transect (GA03). The hydrothermal vent is the most significant source of Fe in both fractions, and terrestrial
sources like dust and sediments also contribute Fe in both fractions. Modified from Fitzsimmons et al. (2015),
Deep Sea Research Part II: Topical Studies in Oceanography. Reproduced with permission.
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particles or reversible scavenging), rather than chemical reactions,
which would be expected to result in larger changes in δ56Fe (e.g.
Dauphas and Rouxel, 2006).
Plume values of flabile remained close to 1 as far as Station 28
(Fig. 2d), and at Station 26, δ56Fetotal data for plume samples were al-
most identical to δ56Felabile (Fig. 5b). A similar observation was made
from samples from the TAG plume during GA03 (Fig. 8 of Revels et al.,
2015a). Westward of Station 28, plume flabile decreased to ~0.6 by
Stations 32 and 34, and ~0.5 by Station 36, similar to the values
measured in the water column above the plume. This is partly due to
plume [Felabile] decreasing to deep ocean background concentrations at
the westernmost stations (Figs. 2d, 3), but also due to an increasing
contribution to [Fetotal] at plume depths from lithogenic material in this
portion of the transect. This material may originate from subsurface
sources of lithogenic material, such as the Tuamotu Plateau (south of
Stations 32–36, at ~15°S) or around the Marquesas Islands (north of
the transect, between Stations 30–32), or it may be a result of slightly
higher atmospheric dust deposition at the western end of the transect,
relative to Stations 13–25 (Lam et al., in this issue; Lee et al., in this
issue). This may also explain the larger offset between δ56Felabile and
δ56Fetotal measured in deep samples at station 36 (Fig. 5d), where va-
lues of the latter were close to the ~0‰ of lithogenic material (e.g.
Beard et al., 2003).
4.3. Peruvian margin Felabile
The Peruvian margin portion of the GP16 section encompassed
shelf, slope and open ocean stations, and included samples collected
above, within and beneath the South Pacific OMZ. The OMZ results
Fig. 6. Comparison of [Felabile] and [Fetotal] for different subsets of the section data. Main
panel shows samples with concentrations of 0–5 nM. Inset panel includes high con-
centration samples, with extent of the main panel indicated by the red box. Ranges and
medians of [Felabile] and of flabile for each subset of data are given in Table 2. (For in-
terpretation of the references to color in this figure legend, the reader is referred to the























Fig. 7. Comparison of labile pFe and dFe distributions.
(a) [Felabile] data (dots) overlaid on dFe concentration
data. Contours are for 1 nM (dashed) and 0.1 nM (solid)
dFe. (b) δ56Felabile data (dots) overlaid on δ56Fediss data.
Contour is for δ56Fediss of 0‰.
C.M. Marsay et al.
Figure 3: Fractions of dissolved (soluble+colloidal, shown as the gridded field with contours) and labile
particulate Fe (shown as overlain dots) in a South Pacific transect. The hydrothermal vent is the most
significant source of Fe in both fractions, and terrestrial inputs from the continental shelf also contribute Fe
in both fractions. Modified from Marsay et al. (2018), Marine Chemistry. Reproduced with permission.
While most previous research on particulate Fe in the ocean has focused on interactions
with the soluble (and most bioavailable) fraction, recent work has begun to explore the role of
particulate Fe beyond its abiotic and ligand-mediated solubility. There is increasing evidence
from the nitrogen-fixing cyanobacterium Trichodesmium that phytoplankton can “mine”
solid-phase Fe through an unknown mechanism at the cell surface [21,22]. I am interested in
refining our understanding of how dust-borne Fe becomes available to phytoplankton in the
surface ocean, and how the speciation of solid-phase Fe impacts its bioavailability, especially
to diatoms in the Southern Ocean.
0.3 Dust and diatoms in the Southern Ocean
Diatoms are highly Fe-efficient eukaryotic phytoplankton with silicate shells (frustules) that
are responsible for about 1/5 of all photosynthesis on Earth today [23]. Yet, in about 40%
of the world’s oceans, Fe limits diatom growth [24]. Diatoms are the most important drivers
of CO2 drawdown in Fe-limited regions, since they dominate in phytoplankton blooms that
form after inputs of bioavailable Fe to Fe-limited regions of the ocean [25, 26], and dust-
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borne Fe fertilization of diatoms in the Southern Ocean is associated with about half of the
CO2 drawdown associated with global cooling at the LGM [4]. The well-characterized raphid
pennate diatom Phaeodactylum tricornutum (Figure 4) is used to understand the mechanisms
that diatoms use to take up Fe, and their responses to Fe stress [27, 28]. Raphid pennate
diatoms are particularly Fe efficient among diatom groups, since they evolved most recently,
during periods of higher oxygen and lower dissolved Fe in the ocean [23]. These diatoms
have flexible means of lowering their Fe requirements and produce Fe storage proteins, unlike
earlier diatom groups [23]. As a result, they are the dominate diatom group in the modern
Southern Ocean [29].
Dust-borne Fe fertilization of Southern Ocean phytoplankton is thought to modulate
climate, but the mechanisms of dust-borne Fe utilization by phytoplankton are not fully
understood.
Figure 4: The diatom Phaeodactylum tricornutum, from the Bigelow National Center for Marine Algae and
Microbiota.
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0.4 Limitations on quantifying bioavailable dust-borne
Fe supply
Despite the demonstrated importance of dust-borne Fe on global biogeochemical cycles, there
are still many limitations to existing methods of quantifying the bioavailability of dust-borne
Fe to phytoplankton, including diatoms. The chemical speciation – the oxidation state and
complexation, including mineral composition – of Fe in the ocean is highly diverse and greatly
impacts bioavailability [2,7]. Most generally, unchelated soluble Fe is considered to be highly
bioavailable, and reduced, unchelated Fe2+ is more soluble than oxidized, unchelated Fe3+,
but unchelated Fe2+ is much less stable than unchelated Fe3+ in the oxygenated surface ocean
[2]. Because unchelated Fe3+ is relatively insoluble, it will precipitate at a concentration of
∼0.7 nM. Chelated Fe – i.e. Fe bound to organic ligands – does not readily precipitate
at this low Fe concentration, although the Fe generally must be reduced and freed from
the organic ligand before it can be utilized by phytoplankton [30]. Many biogeochemical
models use a constant Fe solubility percentage to estimate Fe bioavailability across the
globe [11, 31], despite the large difference in solubility of different Fe minerals [10, 32] and
the differences in mineralogy observed among dust sources [15]. There are also limitations
to the assumption that only the water-soluble Fe fraction is bioavailable to phytoplankton,
because ligand-mediated- [33] and surface-contact-mediated [21] Fe utilization mechanisms
have been observed.
Some researchers use methods that selectively dissolve Fe oxyhydroxides to quantify
bioavailable Fe sourced to the ocean [34, 35] despite evidence that the silicates left behind,
including primary minerals and secondary clays, are more soluble and bioavailable than Fe
oxyhydroxides [10,32]. In addition, the fresh ferrihydrites that make up a large portion of the
oxidized iron pool must form from Fe released from some other, more labile Fe source [36]. A
key paper using this selective dissolution method [34] suggests the ferrihydrite forms from the
chemical weathering of minerals in glacial debris, but the bioavailability of Fe in the glacial
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flour itself is downplayed. Given the importance of the chemical speciation of Fe to solid-
phase Fe bioavailability, I expand the use of synchrotron techniques that can determine the
speciation of solid-phase Fe in natural samples [7, 35]. I apply these techniques to natural
dust sources important to the Southern Ocean and solid-phase Fe deposited to Southern
Ocean marine sediment cores over the last glacial cycle.
0.5 Potential controls on dust-borne Fe bioavailability
Glacial activity has been generally associated with more bioavailable Fe species [10, 34, 35],
yet the mechanism for this association is not known [34]. The solubility and bioavailability
of Fe generally decreases with increased oxidation. The primary Fe(II)-rich minerals that
form in bedrock (e.g. olivine, pyroxene, amphibole, biotite) contain reduced Fe because
they form at high temperatures with low oxygen fugacity [37]. These primary minerals are
rapidly dissolved by chemical weathering after they are mobilized from bedrock through
physical weathering, since they are far from equilibrium with surface conditions [38]. The
secondary Fe minerals that form on the surface after chemical weathering include Fe(III)
in ferrihydrite that ages into more stable goethite and hematite [36], and secondary clays
that tend to contain high Fe(III) [39]. At the low-solubility extreme, the highly stable
weathering product, bauxite, will form from highly stable Fe and Al oxides in the most
highly chemically weathered tropical regions [36]. The potential impact of glacial activity
on dust-borne Fe bioavailability is important in the Southern Ocean, because the high dust
fluxes from Patagonia are impacted by ice sheets that can mobilize primary minerals from the
Andes through rapid physical weathering by glaciers [40–42]. Since those primary minerals
are the less stable than more chemically weathered species, it is likely that they are an
important source of bioavailable Fe. Here, I investigate the potential connection between
glacial activity, the mineral composition of dust sources, and the bioavailability of that dust,
especially in the Fe-limited Southern Ocean.
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0.6 Research questions and dissertation outline
In this dissertation, I ask how the speciation of solid phase Fe reaching the Southern Ocean
impacts its bioavailability to phytoplankton, specifically diatoms, and how diatoms access
this solid-phase Fe. I hypothesize that the minerals in glacial flour—that are freshly physi-
cally weathered from bedrock—have more bioavailable Fe than Fe minerals that have been
chemically weathered and oxidized over longer periods, and that diatoms benefit from close
associations with Fe-rich particles. I also hypothesize that increased glacial activity at the
Last Glacial Maximum increases the relative bioavailability of dust reaching the Fe-limited
Southern Ocean, and that physical weathering of primary minerals in bedrock control solid-
phase Fe speciation in dust globally.
In Chapter 1, “High particulate iron(II) content in glacially sourced dusts enhances pro-
ductivity of a model diatom,” I directly measure the bioavailability of natural dust-borne
Fe from Patagonia using model Fe-efficient pennate diatom cultures in the laboratory, and
determine the role of dust-borne Fe speciation on that bioavailability. I show that Fe(II)
silicates that dominate glaciogenic dusts are more bioavailable than Fe(III) oxyhydroxides
that dominate nonglaciogenic dusts.
In Chapter 2, “Surface contact and particulate iron utilization by phytoplankton in the
ocean,” I determine the role of surface contact in the utilization of primary Fe(II) silicates
by diatoms, as a first step towards determining the mechanism of Fe(II) silicate utilization
in the Southern Ocean and as a way of generalizing observations that other phytoplankton
benefit from surface contact with solid-phase Fe. I show that surface contact increases
the efficiency with which biotite, and Fe(II) silicate, supports diatom growth in Fe-limited
cultures. Thus, microenvironments formed at the surface of particles and in biofilms or
aggregates of phytoplankton likely impact particulate Fe utilization.
In Chapter 3, “Highly bioavailable dust-borne iron delivered to the Southern Ocean
during glacial periods,” I reconstruct the Fe speciation, and resulting bioavailability, of dust-
borne Fe reaching the Southern Ocean over the last glacial cycle, using subantarctic South
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Atlantic and South Pacific marine sediment cores. I show that the primary Fe(II) silicate
content of dusts reaching the subantarctic South Atlantic and South Pacific is positively
correlated with the total dust flux which is highest during glacial periods, suggesting that
glacial activity increases the bioavailability of a given Fe flux over the last glacial cycle and
amplifies the impact of dust on Fe fertilization.
In Chapter 4, “Physical weathering exerts global control over bioavailable primary Fe(II)
silicates reaching the ocean,” I characterize the speciation of solid-phase Fe from a variety
of major dust and sediment sources to the ocean, to determine the global role of physical
weathering and sediment source on particulate Fe speciation and bioavailability. I show
that physical weathering of bedrock controls the primary mineral content—including Fe(II)
silicates and feldspars—of sediments reaching the oceans globally, which includes glacial
physical weathering at the poles, and that different ocean regions likely based on the source
region and the weathering regime in that source region.
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Part II




High particulate iron(II) content in
glacially sourced dusts enhances
productivity of a model diatom
This chapter is published in Science Advances,1 distributed under a Creative Commons
Attribution NonCommercial License 4.0 (CC BY-NC).
1.1 Abstract
Little is known about the bioavailability of iron (Fe) in natural dusts and the impact of
dust mineralogy on Fe utilization by photosynthetic organisms. Variation in the supply of
bioavailable Fe to the ocean has the potential to influence the global carbon cycle by mod-
ulating primary production in the Southern Ocean. Much of the dust deposited across the
Southern Ocean is sourced from South America, particularly Patagonia, where the waxing
and waning of past and present glaciers generate fresh glaciogenic material that contrasts
with aged and chemically weathered nonglaciogenic sediments. We show that these two
potential sources of modern-day dust are mineralogically distinct, where glaciogenic dust
sources contain mostly Fe(II)-rich primary silicate minerals, and nearby nonglaciogenic dust
sources contain mostly Fe(III)-rich oxyhydroxide and Fe(III) silicate weathering products.
1E. M. Shoenfelt, J. Sun, G. Winckler, M. R. Kaplan, A. L. Borunda, K. R. Farrell, P. I. Moreno, D.
M. Gaiero, C. Recasens, R. N. Sambrotto, and B. C. Bostick, “High particulate iron(II) content in glacially
sourced dusts enhances productivity of a model diatom,” Sci. Adv., vol. 3, no. 6, 2017. Available at
http://advances.sciencemag.org/content/3/6/e1700314
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In laboratory culture experiments, Phaeodactylum tricornutum, a well-studied coastal model
diatom, grows more rapidly, and with higher photosynthetic efficiency, with input of glacio-
genic particulates compared to that of nonglaciogenic particulates due to these differences in
Fe mineralogy. Monod nutrient accessibility models fit to our data suggest that particulate
Fe(II) content, rather than abiotic solubility, controls the Fe bioavailability in our Fe fertil-
ization experiments. Thus, it is possible for this diatom to access particulate Fe in dusts by
another mechanism besides uptake of unchelated Fe (Fe′) dissolved from particles into the
bulk solution. If this capability is widespread in the Southern Ocean, then dusts deposited to
the Southern Ocean in cold glacial periods are likely more bioavailable than those deposited
in warm interglacial periods.
1.2 Introduction
High-nutrient, low-chlorophyll (HNLC) regions maintained by Fe limitation [13] span <20%
of the world’s oceans [43]. The Southern Ocean is the most important HNLC region in
that it sets the preformed nutrient inventory of a large part of the deep ocean, which ul-
timately regulates the efficiency of the biological pump [44]. During the latter half of the
glacial cycle, modulations in the availability of dust-borne Fe and a more efficient biological
pump in the subantarctic Southern Ocean appear to account for up to half of the drop in
atmospheric CO2 level associated with global cooling [4], yet we have no direct means of
evaluating the relationship between productivity and particulate Fe mineralogy. Solid-phase
particulate Fe is common in the ocean [19], including the Southern Ocean [7], and increasing
evidence suggests that Fe particulates have varying bioavailabilities to phytoplankton based
on mineralogy [7, 10]. Glaciogenic Fe in Alaska that is rich in Fe(II) has been associated
with high Fe solubility and is thus presumed to have high Fe bioavailability [10,45], but new
mechanisms influencing Fe bioavailability are still being discovered [46], which complicate
our already-inconsistent definition of bioavailable Fe [47–51].
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Measurements of Fe bioavailability in natural dusts and dust sources are generally focused
on cumulative solubility estimates based on operationally defined “dissolved” Fe [5,10], but
dissolved Fe leached from natural aerosols is dominantly colloidal rather than truly soluble [5],
suggesting that dust contributes readily to a particulate Fe pool that should be studied in
more detail. We are interested in studying how particulate Fe mineralogy relates to Fe
bioavailability to diatoms specifically. Diatoms are an important part of the carbon cycle
responsible for about 40% of primary production in the modern ocean [52–55], and diatoms
are an important part of the biological pump responsible for part of the atmospheric CO2
drawdown associated with glacial periods [56]. The current body of work on solid-phase Fe
bioavailability to diatoms focuses just on abiotic solubility [57,58], but recent work shows that
it is possible for the cyanobacterium Trichodesmium to “mine” particulate Fe by increasing
the rate of dissolution [21]. Here, we probe the possibility that there is also a mechanism
in diatoms that ensures that they can access particulate Fe without relying on exogenous
mobilization of the Fe.
Here, we combine studies of mineralogy with direct measurements of bioavailability using
natural glaciogenic dust sources and a model diatom in laboratory cultures. Iron solubility
and dissociation rates generally correlate with the increased Fe bioavailability of mineralog-
ically pure Fe colloids [59], but little has been done to probe the interactions between Fe
particulates and Fe-limited phytoplankton independent of abiotically soluble Fe species or
particulates dissolved biotically by bacteria [60, 61]. We evaluate Fe mineralogy using x-ray
absorption spectroscopy (XAS) in the fine-grained (<5 µm) fraction of nine glaciogenic and
eight nonglaciogenic sediments from central and southern South America (Figure 1.1 and
Table B.1), representing potential sources of dust to the Southern Ocean [62, 63]. “Glacio-
genic” here describes sediments affected by glaciers during and since the last glacial period,
for which weathering is dominated by physical processes. “Nonglaciogenic” describes sedi-
ments that have not been affected by glaciers in that period or longer, for which weathering
is dominated by chemical processes. Although the sediment sources used in our research
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have relevance as potential dust sources to the subantarctic Southern Ocean (see Figure 1.1,
Table B.1, and Materials and Methods), they are mineralogically similar to and can be con-
sidered representative of glaciogenic and nonglaciogenic sediments from other locations as
well [10]. A subset of five mineralogically representative sediments (three glaciogenic and two
nonglaciogenic, <63-mm fraction; see Materials and Methods) was used in culture experi-
ments to directly evaluate Fe bioavailability using growth rates and cell health of the highly
Fe-efficient model diatom Phaeodactylum tricornutum. Based on the relative x-ray absorp-
tion edge positions (indicative of oxidation state) in CAR19 and MK6 sediments, sediment
mineralogy did not change significantly on the basis of the size fraction used (see Materials
and Methods).
Fig. 1 Sample locations in South America with the right panel focused on Patagonia. 
Elizabeth M. Shoenfelt et al. Sci Adv 2017;3:e1700314 
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Figure 1.1: Sample locations in South America with the right panel focused on Patagonia. Blue and red
symbols represent samples of glaciogenic and nonglaciogenic origin, respectively. Triangles indicate samples
used in the culture experiments. Shaded relief image is produced with the Matplotlib Basemap Toolkit for
Python. The samples are described in Table B.1.
After characterizing dust source mineralogy of our South American sediment samples,
we examined the growth response of P. tricornutum to particulates from a subset of these
sediments in laboratory culture experiments. This approach provided a way to empirically
gauge the bioavailability of particulate Fe associated with our sediment samples. P. tricor-
nutum is a well-characterized model diatom that is often used to study diatom growth under
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Fe limitation [27]. It is a model for genotypic and evolutionary studies of diatoms [64,65], as
well as phenotypic studies applicable to open-ocean environments [53, 66, 67]. Its metabolic
network has also been used to frame the biogeochemical response of surface ocean systems
to changing CO2 [68].
Certainly, no single diatom species—or even a small subset of species—adequately re-
flects the phenotypic plasticity of marine diatoms. Iron utilization efficiency varies among
diatom species and even isolates of the same species from different Fe environments [26],
as well as among bloom developmental stages [69]. This model diatom is coastal in origin
(see Materials and Methods). Coastal diatoms, in general, have many notable physiological
and evolutionary distinctions from open-ocean species, including differences in their photo-
synthetic systems [23, 70]. However, transcriptional similarity exists among P. tricornutum
and ecologically relevant diatoms, such as Thalassiosira oceanica, Fragilariopsis cylindrus,
and Pseudo-nitzschia granii, in that similar Fe uptake genes are up-regulated under Fe star-
vation [53, 67]. These understudied Fe-responsive genes in P. tricornutum are expressed in
natural HNLC regions under Fe limitation [71, 72], highlighting their potential importance
and the relevance of P. tricornutum as a useful model for our initial study of particulate Fe
utilization.
P. tricornutum cultures were axenic (single-species; see Materials and Methods), and “no
Fe added” controls (–Fe controls) and “excess Fe added” controls (+Fe controls, FeCl3 added
to 8.32 mM) were used to assess maximum achievable limitation and maximum growth rates
of this organism in the growth media, respectively. We used Aquil medium with 100 mM
EDTA to quickly complex solubilized Fe and ensure that the soluble bioavailable Fe (that is,
unchelated Fe or Fe′) was buffered to a concentration (<0.1 pM) that is too low to support
phytoplankton growth [2,58,73]. This experimental design is intended to reduce the effect of
cumulative solubility difference between the two sediment types and probe the mechanism of
particulate Fe bioavailability. Monod Michaelis-Menten-type nutrient accessibility models,
which will be discussed later, were used with estimates of equilibrium unchelated Fe (Fe′) [58]
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to show that dust-borne Fe bioavailability is not controlled by bulk [Fe′] in these experiments,
although Fe′ is currently understood to be the most bioavailable form of Fe in the ocean [58].
1.3 Results
1.3.1 Mineralogy of iron in modern natural sedimentsFig. 2 XAS spectra and Fe(II) content of South American glaciogenic and nonglaciogenic 
sediments. 
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Figure 1.2: XAS spectra and Fe(II) content of South American glaciogenic and nonglaciogenic sediments.
XAS spectra of all glaciogenic (blue) and nonglaciogenic (red) samples (bottom and left axes). Spectra
corresponding to sediments used for culture experiments are in bold. Fe(II) content data (circles, gray top
axis) are grouped as nonglaciogenic (red) and glaciogenic (blue) samples, offset for clarity. Values were
calculated using PCA (open circles) and LCF (closed circles). Error bars represent SE and errors generated
by the SIXPack interface (Monte Carlo simulations) for PCA and LCF fitting approaches, respectively.
Images are of sediments used for culture experiments; gray color indicates reduced Fe and orange/yellow/red
indicates oxidized Fe.
For normalized XAS spectra (Figure 1.2), the observed 2- to 3-eV shift to lower energies
in the absorption edge of glaciogenic samples relative to nonglaciogenic samples indicates
that the former have substantially more Fe(II)-bearing minerals than the latter [10]. Both
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linear combination fitting (LCF) to standards and principal components analysis (PCA) re-
vealed that ∼40 to 90% of Fe in these glaciogenic sediments was Fe(II), primarily within
Fe(II) silicate phases, whereas nonglaciogenic samples contained primarily Fe(III) in Fe oxy-
hydroxides and Fe(III) silicate phases (see Tables B.2 and B.3 and Materials and Methods).
The glaciogenic samples contained about two to four times the reduced Fe(II) content of the
nonglaciogenic samples, defined as the percentage of total Fe. Our observation that there are
distinct and consistent mineralogical differences between glaciogenic and nonglaciogenic sed-
iments appears robust because the glaciogenic and nonglaciogenic sediments sampled from
nearby regions in Patagonia were mineralogically different, and the nonglaciogenic sediments
sampled from central South America and Patagonia were mineralogically similar, although
the sampling regions are further away and geologically different from each other.
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1.3.2 Bioavailability of iron in glaciogenic versus nonglaciogenic
particulatesFig. 3 Variable fluorescence (Fv/Fm), growth rates (µ), and cell densities of P. tricornutum used to 
evaluate particulate Fe bioavailability. 
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Figure 1.3: Variable fluorescence (Fv/Fm), growth rates (µ), and cell densities of P. tricornutum used to
evaluate particulate Fe bioavailability. Symbol area is proportional to culture density in cells per milliliter
close to the time of variable fluores- cence measurement (14 days after inoculation). Variable fluorescence
and cell counts were measured in triplicate. For Fv/Fm, error bars are based on the SE of 20 acquisitions per
culture propagated for the triplicate cultures; for µ, error bars represent the SE of the slope of the natural
log plot. Error is sometimes smaller than the symbol. Data from this experiment correspond to the circles
in Figure 1.4 (A to C).
Figure 1.3 shows growth rate (µ), variable fluorescence (Fv/Fm), which is a photophysiolog-
ical proxy for the severity of Fe limitation [74–76], and cell density for the five sediments
tested plus the –Fe and +Fe controls. The diatom’s growth rate was lowest in the –Fe control,
and the Fv/Fm measurements in this treatment were indicative of severe Fe limitation [75].
P. tricornutum grew faster when exposed to the mineral substrates compared to the –Fe con-
trol, but the nonglaciogenic particulates were associated with less of a growth response than
the glaciogenic particulates. All three indicators of Fe bioavailability were most favorable
when the diatom was exposed to particulates from each of the three glaciogenic sediments.
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The Fv/Fm values of the diatoms exposed to glaciogenic particulates from sample SMD13-3
approached those of the Fe-replete controls here and in other Fe-rich cultures [76].
Of the sediments tested, particulates from the Fe(II)-rich unweathered glaciogenic sed-
iments uniformly supported greater diatom growth than those from the Fe(III)-dominated
weathered nonglaciogenic sediments. The differences are related mainly to Fe bioavailability
in the glaciogenic dust sources rather than to simply their total Fe concentrations because the
glaciogenic MK6 and Perito Moreno Glacier (PMG) sediments [2.8 and 1.8 weight % (wt %)
Fe, respectively] supported significantly higher growth rates compared to the nonglaciogenic
CAR14 and CAR19 sediments of similar or greater Fe concentration (3.3 and 1.8 wt % Fe,
respectively). The differences between the bioavailability of particulates from the nonglacio-
genic CAR19 sediment and the glacial PMG sediment were particularly pronounced; despite
the fact that the glaciogenic PMG has the same total Fe concentration, it produced more
than four times the cell density after 14 days in culture and a significantly greater Fv/Fm
ratio and growth rate than the nonglaciogenic CAR19. Glaciogenic SMD13-3 supported
growth close to that of the +Fe control. Some of the enhanced growth of the cells supported
by SMD13-3 compared to other particulate Fe sources is likely due to its high total Fe con-
centration, in addition to its high Fe(II) content [16 wt % Fe, ∼40% or more of which is
Fe(II); see Tables B.2 and B.3].
1.3.3 Influence of iron mineralogy of particulate iron utilization
To isolate the effects of total particulate Fe concentration, [Fe′], and Fe mineralogy [particu-
larly Fe(II) content] on the bioavailability of glaciogenic and nonglaciogenic particulates, we
used the Monod Michaelis-Menten-type kinetics model for nutrient accessibility to nutrient-
limited microbes [77]. We plotted growth rates versus external nutrient concentrations rep-
resented as the concentration of (i) total particulate Fe added, (ii) Fe′ at equilibrium (see
Materials and Methods), and (iii) particulate Fe(II) added, respectively, and fit the Monod






where the growth rate is expressed as the normalized growth rate r (unitless, where
–Fe control represents no growth, r = 0, and +Fe control represents maximum growth,
r = 1; see Materials and Methods), S is the external nutrient concentration, rm is the
normalized rate maximum under the growth conditions, and KS is the external nutrient
concentration at which the rate r is half of its maximum (r = rm/2). In Figure 1.4 (A to
C), culture data are grouped by color according to whether glaciogenic (shades of blue) or
nonglaciogenic (shades of red) sediment was added, and the three distinct symbol shapes
indicate data from three independent experiments conducted to complete this work (that
is, to achieve a range of particulate Fe concentrations, [particulate Fe], from Fe-limiting to
Fe-replete conditions). All the normalized growth rates, r, are plotted against total added Fe
concentrations (Figure 1.4A), Fe′ (Figure 1.4B), and added particulate Fe(II) concentrations
(Figure 1.4C), which are shown alongside the Monod kinetic models fit to the data.
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Fig. 4 Monod model fits to normalized growth rates, r, as a function of three different classes of 
Fe species. 
Elizabeth M. Shoenfelt et al. Sci Adv 2017;3:e1700314 
Published by AAAS 
Figure 1.4: Monod model fits to normalized growth rates, r, as a function of three different classes of
Fe species. Cultures with glaciogenic sediments added are in shades of blue, and those with nonglaciogenic
sediments added are in shades of red. Marker shape (circle, square, and triangle) corresponds to experiments
run on three different dates. For glaciogenic particulate exposure, n = 5; for nonglaciogenic particulate
exposure, n = 4. Error bars represent propagated SE for normalized rates (the same in all subplots).
(A) Monod model fits (blue line is glaciogenic fit, R2 = 0.82; red line is nonglaciogenic fit, R2 = 0.94)
as a function of total particulate Fe added to the cultures. Horizontal error bars are analytical error in
particulate Fe concentration and are often smaller than the symbol size. (B) Attempted Monod fit (purple
dashed line, R2 = 0.22) as a function of [Fe′], with Fe′ defined as the unchelated Fe (mononuclear hydrolysis
species) thought to control bioavailability of Fe in the ocean. This is an inappropriate fit because the
very low KS value implies that 3×10−19 M Fe′ can support phytoplankton growth and fully alleviate Fe
limitation, which is not supported by the literature. (C) Monod model fit (purple line is the fit to all data,
R2 = 0.87) as a function of solid-phase Fe(II) calculated using LCF with standard spectra. The glaciogenic
and nonglaciogenic data collapsing to the same curve suggest that particulate Fe(II) controls particulate Fe
uptake in these cultures. Horizontal error bars are analytical error in particulate Fe(II) concentration and
are often smaller than the symbol size. Inset zooms in on lower concentrations for clarity.
1.4 Discussion
The fits in Figure 1.4A show that Fe associated with glaciogenic sediments is a more effi-
cient micronutrient source than Fe associated with nonglaciogenic sediments because sys-
tems modeled by Monod kinetics are driven by first-order kinetics (that is, the nutrient is
limiting) below KS and zero-order kinetics (that is, growth is independent of the nutrient
concentration) above KS. Given that KS(glaciogenic) ∼ 0.6 KS(nonglaciogenic) (4.3 µM versus
7.4 µM), glaciogenic sediments will alleviate Fe limitation for P. tricornutum at a lower
total Fe concentration than when nonglaciogenic sediments are added as the Fe source. At
the lowest Fe concentrations and the ones most representative of natural growth conditions,
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modeled growth rates are ∼2.5× higher with glaciogenic sediments versus nonglaciogenic
sediments. At the highest Fe concentrations, where Fe limitation is relieved, glaciogenic
particulates support ∼1.5× higher growth rates than nonglaciogenic particulates (rm of 1.07
versus 0.73).
Free bioavailable Fe concentrations [Fe′] did not significantly affect the observed exper-
imental growth rates (Figure 1.4B). This assertion is based on the combination of a poor
fit of the Monod model as a function of [Fe′] (R2 = 0.22) and the fact that the calculated
half-saturation concentration (KS), about 3×10−19 M, is chemically improbable. This low
KS implies that Fe limitation is alleviated for these cultures at this concentration, whereas
it is well established that much higher (>0.1 pM) Fe′ concentrations are needed to support
phytoplankton growth [2]. Thus, both the low [Fe′] and the lack of correlation between [Fe′]
and growth rate indicate that equilibrium mineral dissolution (that is, the maximum possi-
ble [Fe′] in the system) does not provide adequate Fe for growth. This result suggests that
particulate Fe bioavailability to phytoplankton is driven by some mechanism besides bulk
abiotic solubility alone. If growth is limited by the rate of dissolution of a mineral phase,
then uptake will be a linear function of surface area (or quantity of dust). This scenario is
not observed in the data. We then suggest that particulate Fe bioavailability is driven by
interactions with particulate Fe(II) at the diatom-particulate interface based on our Monod
model fit to all the samples when plotted against the concentration of particulate Fe(II)
([particulate Fe(II)]; Figure 1.4C).
When plotting growth rates as a function of [particulate Fe(II)] in each culture (Fig-
ure 1.4C), the measurements from all experiments collapse onto a single curve, indicating
that [particulate Fe(II)] drives the difference in bioavailability of Fe in particulates with dif-
ferent mineralogy. Our observation that particulate Fe(II) is the form most accessible to
our model diatom is in agreement with work that shows that synthetic Fe(III) colloids are
not readily bioavailable to diatoms beyond the dissolved phase [78]. On the basis of our ki-
netic model, Fe limitation in our cultures is alleviated at [particulate Fe(II)] above 2.7 mM.
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Because rm(glaciogenic) slightly exceeds 1 (that is, the rate of growth in the +Fe control), we
infer that highly reactive natural Fe sources are used just as efficiently, if not slightly more
efficiently, by diatoms compared to the 7.3 nM Fe′ buffered by the FeEDTA complexes in
our laboratory media, as calculated with Visual MINTEQ and accounting for photoreductive
dissociation of FeEDTA complexes [1, 73, 79].
The utilization of particulate Fe does not preclude ligands from being important to Fe
nutrition, but they cannot explain our results. Only siderophores, the strongest natural Fe
ligands in the ocean, could compete with EDTA for Fe [1, 19, 80, 81]. Diatoms, including P.
tricornutum, do not produce their own siderophores [27,82]. Ligands existing in the culture
media made from Sargasso seawater or ligands produced by any small amount of bacteria
contaminating the cultures would likely affect all cultures in a similar way, suggesting that
the bioavailability of particulate Fe(II) still depends on its relatively high reactivity com-
pared to particulate Fe(III). The relatively high bioavailability of particulate Fe(II) relative
to Fe(III) reflects differences in how they are obtained from the substrate. This particulate
Fe utilization could entail direct accessibility of an Fe(II) substrate or could involve a mi-
croenvironment on the diatom surface where Fe is liberated and taken up before diffusion into
the bulk media. In both cases, we hypothesize that surface contact between phytoplankton
and particulate Fe is necessary. Some simple experiments with P. tricornutum that isolated
particulate Fe in bags made from dialysis tubing provide evidence that surface contact is
necessary for particulate Fe utilization by diatoms (Figure B.1). Further research is required
to determine the details of the mechanism by which P. tricornutum accesses particulate Fe,
and these details will help us assess the global extent of particulate Fe bioavailability to
diatoms. Because we used a highly studied and fully sequenced model diatom with the most
advanced reverse genetics technologies [53], genetic, transcriptomic, and metatranscriptomic
studies [71, 83] can be undertaken to elucidate the mechanism of Fe acquisition in detail.
Other sequenced diatoms from the Southern Ocean [84] can also be studied with the same
methodologies.
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When evaluating the importance of more bioavailable Fe in relatively Fe(II)-rich glacio-
genic particulates, it is important to consider the possible effect on the carbon cycle. In
our cultures, the impact of Fe mineralogy on carbon fixation is likely greater than the
observed 2.5× higher phytoplankton growth rates associated with glaciogenic particulates
versus nonglaciogenic particulates because it is compounded by increases in carbon fixation
rates per cell inferred from estimates of photosynthetic efficiency (Fv/Fm). Our significant
increase in Fv/Fm from 0.36 to 0.5 between cultures supported by nonglaciogenic and glacio-
genic particulates likely translates to about two times higher carbon fixation rates per cell
on the basis of published values for P. tricornutum [27], assuming linearity between the
two parameters (see Materials and Methods) [85, 86]. Combined, these effects may result
in about five times higher rates of carbon uptake at a constant Fe flux for glaciogenic dust
versus nonglaciogenic dust fluxes to our diatoms. This estimate suggests that Fe mineralogy
in natural dust sources is a critical factor in predicting how dust fluxes contribute to Fe
bioavailability and CO2 uptake by phytoplankton. Both Southern Ocean diatoms [87–90]
and P. tricornutum [27] have shown increases in growth rates, decreases in Fe stress, and
increases in carbon uptake in response to inputs of bioavailable Fe. More specifically, the
raphid pennate lineage that includes P. tricornutum is well represented in the Southern
Ocean [91, 92], and P. tricornutum can tolerate low Fe levels similar to those that sustain
pennate diatoms in HNLC regions [27, 66]. The results of the P. tricornutum model used
here suggest that diatoms can access particulate Fe efficiently and that it is possible for
additions of glaciogenic particulates to support both higher growth rates and less Fe stress
in diatoms compared to nonglaciogenic particulates. Further work will delineate the phylo-
genetic generality of this observation, as well as the extent of the effect in natural, Fe-limited
waters and the impact it has on the carbon cycle.
Our observations imply that dust sources deriving from glaciogenic sediments provide
more bioavailable Fe than those deriving from nonglaciogenic materials. As such, changes
over geologic time and space that affect the mineralogy of dusts to the ocean could modulate
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diatom growth and affect the carbon cycle. There is evidence that modern glaciogenic
dust sources in Patagonia reach the subantarctic Southern Ocean within a few days [93, 94]
and that any atmospheric processing would increase the fraction of particulate Fe(II) [95].
Glaciogenic South American dust dominated dust supply in the Southern Hemisphere during
the last glaciation [62,63,96–98], and these glaciogenic South American dust emissions were
large [31]. Because glaciogenic dust inputs to the Southern Ocean are important in the
modern era and the Last Glacial Maximum (LGM), it is important that we understand how
mineralogy affects Fe bioavailability and the carbon cycle both now and in the geologic past.
Our characterizations of glaciogenic and nonglaciogenic dust samples and our culture
experiments with an Fe-efficient model diatom suggest that Fe mineralogy is an important
factor in determining bioavailable Fe flux. Most broadly, and most significantly, we show
that particulate Fe is bioavailable to diatoms independent of abiotic solubility, and the
bioavailability of particulate Fe is controlled by Fe(II) mineral content. This result is in
opposition to the current view that particulate Fe bioavailability depends entirely on its
solubility and uptake happens through soluble phases in the bulk solution. Our results should
motivate future work exploring the importance of Fe dissolution in the diffuse boundary
layer of diatoms [61], as well as direct attachment of diatoms to particles. The efficiency
of the global biogeochemical pump in sequestering atmospheric CO2 by increasing nutrient
consumption in the Southern Ocean is an ongoing and actively debated question [89, 90,
99], and our evaluation of the increased rate of carbon fixation with glaciogenic Fe versus
nonglaciogenic Fe sources provides motivation to better constrain the effect of sediment
source and mineralogy on Fe fertilization in this region. Our work shows that measuring
abiotic solubility is insufficient to evaluate particulate Fe bioavailability. We report evidence
that the bioavailability of dust-borne Fe to diatoms is actually much higher than previously
believed because particulate Fe(II) is accessible to diatoms. Our work also suggests that
Fe mineralogy in dust fluxes likely affects the Martin hypothesis of Fe limitation [13] and
introduces the possibility that Fe(II) mineral content is an important predictor of particulate
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Fe bioavailability separate from its solubility.
1.5 Materials and Methods
1.5.1 Experimental Design
Here, we classified the mineralogy of Fe in natural sediments from Patagonia that represent
possible dust sources to the Southern Ocean and used the same natural sediments to make
direct measurements of the bioavailability of particulate Fe using laboratory experiments
that involved a well-studied model diatom, P. tricornutum. We used 100 mM EDTA in
the culture media to sequester unchelated Fe (Fe′) to very low (sub-0.1 pM) concentrations
to probe the possibility that diatoms can access particulate Fe. Glaciogenic samples were
collected primarily from southern Patagonia as the region is upwind of the Southern Ocean
and the largest Patagonian glaciers exist there at present and in the past. Thus, these
sediments represent the most relevant sources of dust resulting from physical weathering by
glaciers that may fertilize the Southern Ocean. Our nonglaciogenic sediments are relevant
in showing contrast to sediments affected by glaciers, so it was necessary that they have not
been affected by glaciers during and since the last glacial period.
1.5.2 Sample collection and preparation
For this study, glaciogenic samples included any sediments related to glacial deposits, in-
cluding moraines, till, and outwash plains, and deposited in proglacial lakes. All samples
are described in Table B.1; the subset of three glaciogenic and two nonglaciogenic sediments
used for culture experiments is further outlined here. Two of the glaciogenic samples are
sediments from modern or recent glaciers, including debris coming out of the Perito Moreno
Glacier (sample PMG) and the fine matrix of a moraine formed around 1970 by the mod-
ern Upsala Glacier in the Lago Argentino basin (sample MK6) [100]. The third glaciogenic
sample, SMD13-3, was collected from sediments laid down during the peak of the last Ice
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Age, about 20,000 years ago in the Strait of Magellan area (∼53◦S) [101]; specifically, it was
taken from sediments recently exposed in a gravel pit in an outwash plain, emanating from
a moraine, that flowed toward and emptied into the South Atlantic Ocean. Of particular
relevance in the context of our finding is the fact that SMD13-3 is directly upwind of the
subantarctic sector of the Southern Ocean. This sample is also from one of the largest out-
wash plains in southern South America, which extended onto the continental shelf at the
LGM.
The two nonglaciogenic samples, CAR14 and CAR19, were collected from Holocene-age
lake deposits of Lago Cardiel, from the 55- and 45-m-level highstands, respectively [102]. The
Lago Cardiel basin has not been directly affected by glaciers, at least on a time period relevant
to this study, and, moreover, sediments are likely derived from surrounding long-exposed and
chemically weathered Mesozoic and Cenozoic sedimentary and volcanic rocks [103].
The critical sampling strategy is to work only on sediments from well-defined stratigraphic
sections or landforms, so that the geologic context is well understood and, most importantly,
materials of different ages and weathering processes are not mixed together in each respective
sample. Five hundred to 1000 g of sediment was collected from moraines and lacustrine
deposits with known sediment sources and histories. Samples were stored dry at room
temperature and under atmospheric conditions until sieving to obtain the <63-µm fraction,
which was carried out using ∼250 ml of ultrapure water (resistivity, 18.2 MΩ·cm) per ∼3 to
5 g of sediment to help declump the clays. Settling, which was also carried out in ultrapure
water, was used to obtain the <5-µm fraction from the <63-µm fraction. Samples were
never dried in an oven but were either air- or freeze-dried within a few to several weeks of
becoming wet, since the settling procedure (using Stokes’ law) took ∼1 to 2 weeks in addition
to the sieving process. After sorting and drying, sample preparation for XAS and culture
experiments was minimal. XAS samples (<5-µm fraction) were simply spread on Kapton
tape to a thickness of ∼1 mm and sealed. Sediment aliquots used for cultures were sterilized
with a few drops of 70% ethanol (200 proof, molecular biology grade, diluted with ultrapure
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water) and immediately air-dried under sterile conditions.
We used oxidation state differences defined by the difference in x-ray absorption edge po-
sition (where the normalized fluorescence spectrum crosses 0.9) between MK6 and CAR19 to
show that Fe(II) estimates from the XAS analysis can be applied to the culture experiments
despite using different size fractions, small differences in time the samples remained wet, and
the 70% ethanol sterilization procedure for sediments used in the culture experiments. The
sediments used for the culture experiments (<63 µm) had the same difference in oxidation
state between the reduced glaciogenic sample (MK6) and the oxidized nonglaciogenic sam-
ple (CAR19) as the MK6 and CAR19 samples used 3 years earlier for classifying mineralogy
(<5 µm). The edge position differences were 3.25 and 3.10 eV, respectively, which is well
within the resolution of the instrument (0.35 to 0.8 eV). These observations suggest that the
mineralogy of a sediment sample is not significantly affected by the size fraction used and
that mineralogy is not affected by the ambient air long-term storage method. We attribute
this stability to the fact that most of the samples were isolated from oxic environments and
not susceptible to significant sample oxidation during preparation and storage. Total Fe con-
centrations of the <63-µm fractions used for the culture experiments were determined after
wet-sieving and air-drying using x-ray fluorescence (XRF) with a Delta Innov-X handheld
XRF instrument and software. Thus, any leached Fe was not erroneously included in the
Fe estimates for the culture experiments. National Institute of Standards and Technology
standards #2709 to #2711 were used as quality controls, with 80 to 120% recovery for Fe.
Measurements were made using solid uncrushed samples to preserve them for later use in
the cultures.
1.5.3 Synchrotron analyses
XAS at the Fe K-edge was used to probe the oxidation state and coordination environment
of the Fe in the samples. Spectra with a resolution of 0.8 eV were collected on beamlines 4-1,
4-3, and 11-2 at the Stanford Synchrotron Radiation Lightsource for the dust samples and a
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set of mineral standards [10]. The monochromator used was Si(220) at 90◦, and the energy
calibration was carried out using an Fe foil at 7112.0 eV (at the first inflection edge, that is,
the maximum in the derivative spectrum). All spectra were collected in fluorescence mode
using a 13- or 30-element Ge detector. The mineralogy of the samples was determined using
LCF [10], and PCA was conducted [104,105] primarily to group samples by oxidation state
using principal components #1 and #2. To do this, principal components were determined
for the sample set and then specific minerals with known compositions were fit with these
principal components, after which the fraction of component #2 was regressed versus Fe(II)
content to establish a linear relationship between the two (R2 = 0.96); this relationship was
used for each sample to determine Fe(II) content (Figure B.2). Errors were reported as 67%
confidence intervals based on the calibration curve. This approach is advantageous because
it does not require knowledge of specific mineralogy. In contrast, LCF methods require
knowledge of component minerals for accurate quantification of Fe(II), which can be difficult
for some samples. However, LCF allows us to further characterize the minerals present, for
example, to differentiate between Fe(II) carbonates and Fe(II) silicates or to differentiate
Fe(III) in hematite from that of goethite. Pyrite, siderite, goethite, hematite, magnetite,
biotite, hornblende, ferrihydrite, and glauconite standards were all used for LCF. Iron(II)
content was calculated using LCF based on the oxidation state of Fe in pure minerals. We
considered hornblende to contain 50% Fe(II) and 50% Fe(III). The spectra from a subset of
the standards are plotted with oxidation state in Figure B.3 to show similar trends in edge
position and oxidation state to Figure 1.2. Errors on these estimates are the errors generated
by the SIXPack interface [106] propagated.
1.5.4 Culture experiments
The axenic P. tricornutum CCMP632 inoculate was obtained from the Provasoli-Guillard
National Center for Marine Algae and Microbiota. This strain was collected from a coastal
region in the British Isles, at 54◦N, 4◦W. Our cultures were maintained in f/2 medium,
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grown always at 18◦C, and were kept axenic through periodic treatment with a mixture
of broad-spectrum antibiotics consisting of penicillin (∼2700 mg/ml), streptomycin (∼540
mg/ml), and chloramphenicol (∼70 mg/ml). These concentrations were optimized [107]
for P. tricornutum, and the bacterial sterility of the inoculate was confirmed with periodic
tests of a large aliquot of culture medium added to carbon-rich Luria-Bertani broth. Before
experimentation, axenic P. tricornutum cultures were grown under Fe-limiting conditions in
Aquil medium [73] with 6.7 nM added FeCl3 and 100 mM EDTA for at least 10 generations.
Aquil medium is one of the most widely used seawater media for trace metal interactions
with phytoplankton [1]. It uses EDTA as a trace metal buffer to control the speciation of
metals in the medium. In the most recent formulation of the medium, 100 mM EDTA is
used to minimize the effect of metal (in our case, Fe) contamination, including metal (Fe)
impurities in the seawater and nutrients added to the cultures, or metals (Fe) introduced
inadvertently during the experiment through exposure to impurities in air, etc. [1,66,73,108].
In our experiment, the high EDTA concentration had the added benefit of sequestering
soluble Fe so we could probe the availability of particulate Fe. For our earliest experiment
(triangles; Figure 1.4, A to C), we relied on the time-intensive chelation step that removes
the bulk of the Fe in artificial seawater and reagent-grade nutrients [73, 109]. We invested
in Sargasso seawater [73] and low-Fe nutrients (≥99.999% pure sodium nitrate and sodium
phosphate from Fluka Analytical and sodium metasilicate containing <0.005% Fe from MP
Biomedicals) for all subsequent experiments. We found it beneficial to use low-Fe EDTA as
well (Sigma-Aldrich Chemistry, 99.995% trace metal basis) because reagent-grade EDTA can
also contain Fe impurities. During the early experiment, artificial seawater and reagent-grade
nutrients were made and chelated as outlined in the literature [73].
Cultures were grown in microwave-sterilized, acid-washed polycarbonate vials to reduce
Fe contamination. An Fe-limited cell inoculate was added to ∼1000 cells/ml for all cultures
in all experiments. Experimental cultures were grown in filtered (acid-washed 0.2-µm Supor
polyethersulfone membrane) seawater from the surface mixed layer of the Sargasso Sea that
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was collected in September (salinity, 36.48), except for the earliest experiment explained
above. The seawater was amended to the nutrient concentrations and metal activities of
Aquil with 100 mM EDTA, without added Fe. Seawater and nutrients were microwave-
sterilized, and metals and vitamins were filter-sterilized before use. The temperature and
light levels were maintained at 18◦C and 60- to 70-mmol photons m−2 s−1 for a 12-hour
light/12-hour dark cycle, respectively, for experiments as well as for maintenance cultures.
A set of controls with no Fe added (–Fe) and another set with FeCl3 added to 8.32 mM
(+Fe) were grown contemporaneously with all other samples for each experiment.
Culture data were collected in three distinct experiments (circles, squares, and triangles;
Figure 1.4, A to C) to vary particulate Fe concentration for Monod model fits. For circles and
squares, cultures were grown in 100 ml of Aquil media in acid-washed 500-ml polycarbonate
bottles and were run in triplicate for each Fe source. For the experiment indicated with
circles, one CAR19 culture showed evidence of significant Fe contamination and was removed
from the analysis. Dust sources were added to individual bottles as 1.5 mg (circles; Figure 1.4,
A to C) or 2.5 mg (squares; Figure 1.4, A to C) of dry sterilized sediment. For the one
experiment run in quintuplicate (triangles; Figure 1.4, A to C), cultures were grown in
5 ml of Aquil media in polycarbonate vials with 2.5 mg of dry sterilized sediment. We
use “particulates” to refer to sediments added to culture experiments to emphasize that
the diatoms were exposed to particulate Fe rather than a combination of dissolved and
particulate Fe from the sediments (because EDTA complexed the soluble fraction). The <63-
µm fraction of the sediment sample, separated by wet-sieving, was used to ensure that there
was plenty of material for a large number of experiments. Near-edge XAS spectra of the <5-
µm fraction and the<63-µm fraction of a representative subset of samples (CAR19 and MK6)
showed the same oxidation state of Fe for the two fractions of the same sample, suggesting
limited mineralogical differences between these fractions (see the “Sample collection and
preparation” section in Materials and Methods).
Small aliquots of each culture were taken every 2 to 4 days to count cells using a
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hemocytometer and phase-contrast microscopy. To assess the efficiency of energy conver-
sion by photosynthesis—that is, the maximum difference between the quantum yield of
fluorescence between dark-adapted and photochemically saturated reaction centers in di-
atom chlorophyll—we measured variable fluorescence normalized to maximum fluorescence
(Fv/Fm) in dark-adapted cells (1 hour) using a fast repetition rate fluorometer. Normalized
variable fluorescence has been used extensively with P. tricornutum cultures, other single
algal species, and natural seawater samples alike to assess the level of Fe limitation [75,110].
Species-specific values range from ∼0.2 for the most strongly Fe-starved P. tricornutum cells
to ∼0.6 for the healthiest cells in the most Fe-limited and Fe-replete conditions [27,76]. Car-
bon uptake rates were estimated from Fv/Fm using a linear fit made to two published data
points for P. tricornutum for Fe-limited and Fe-replete cells [27]. This method relies on the
assumption that Fv/Fm is linearly related to carbon uptake, which has been validated for
natural phytoplankton assemblages [85,86].
Linear fits to a natural log plot were used to determine the growth rate m (equal to slope
of least-squares fit) and yielded R2 values of 0.97 or greater for all cultures used for both
the physiology experiments (Figure 1.3) and Monod curves (Figure 1.4, A to C). Errors on
growth rates are the SE of the regression slope. The R2 values for the Monod curve fits
themselves are provided in the caption of Figure 1.4 (A to C). Cell counts from experimental
triplicates were averaged before plotting and fitting, and plots were truncated to exclude
lag and stationary phases. All fits were made to seven or eight time points for physiology
experiments and to six to eight time points for Monod curves, except for the experiment
indicated by triangle data points in Figure 1.4 (A to C). That experiment was conducted
with biological quintuplicates, and the fit was made to two data points within the exponential
growth phase. Because SE of the regression slope is meaningless for a fit to two points, error
was assumed to be comparable to that of the cultures from the two other experiments, and
the average error from those cultures was used. This SE estimate is likely conservatively high
because there were more replicates for this experiment than the others. To combine data
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from different experiments for the Monod curves, we normalized growth rates to a maximum
rate (+Fe control) of 1 and a minimum rate (–Fe control) of 0 by subtracting the rate for
the –Fe control and dividing it by the rate for the +Fe control. Errors were propagated as
appropriate when rates were normalized.
1.5.5 Calculating [Fe]′
Estimates of soluble Fe at equilibrium were made using Visual MINTEQ [79]. Aqueous
components in the medium were added to the concentrations in synthetic Aquil [73]. Solid
species were added on the basis of the mass of sediment added to each culture, the total Fe
content of the sediment, and the fraction of each mineral in the sediment. Because Fe silicates
are not available in the Visual MINTEQ database, we used thermodynamic constants for
minnesotaite [111], annite [112,113], and grunerite [111] to replace those of glauconite, biotite,
and hornblende, respectively, assuming congruent dissolution. It was necessary to substitute
Fe silicates in these cases based on available data. The culture media were considered to be
in equilibrium with CO2 and O2 partial pressures of 3.8×10−4 and 0.21 atm, respectively.
The pH was fixed at 8.1 for all calculations, and the Fe2+/Fe3+ redox couple was used
to account for the oxidation of Fe in the system. Ferrihydrite was allowed to precipitate.
To account for photoreductive dissolution of the FeEDTA species that form in the system,
the concentration of dissolved inorganic ferric hydrolysis species [Fe(III)′] was calculated
using the conditional steady-state dissociation constant corrected for our 12-hour light/12-
hour dark cycle and light intensity used and the concentrations of FeEDTA (FeEDTA− and
FeOHEDTA2−) and EDTA (CaEDTA2− and MgEDTA2−) complexes at equilibrium in the
media [1]. Fe(II)′ was nominal in these cultures as calculated by Visual MINTEQ. For all
samples, [Fe′] increased by a factor of ∼4.3× when accounting for photoreductive dissociation
of FeEDTA compared to [Fe′] calculated purely using Visual MINTEQ. We assumed that
the system was in equilibrium with precipitated amorphous silica, but a repeated set of
calculations not assuming this equilibrium yielded [Fe′] = 0.022 pM for all samples, except
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for the SMD13-3 sample with [Fe′] = 81 pM. The Monod kinetic model is also inappropriate
using this estimate of [Fe′]. When we calculated [Fe′] in the Fe-replete Aquil medium (+Fe),
we did not assume equilibrium with precipitated amorphous silica but all other parameters
were the same as above. Note that our Fe silicate substitutions did not affect the modeling
results because Fe(II) silicates are always unstable in oxygenated atmospheres, and they all
dissolved completely in our model runs. All Fe(II) species dissolved completely in our model
runs, except for the small amounts of pyrite in the glaciogenic samples, which were modeled
with pyrite. Note that because these are equilibrium estimates, they are maximum [Fe′]
estimates. The dissolution of Fe minerals is relatively slow. However, interactions between
Fe and EDTA were relatively quick at our high EDTA concentrations [73].
1.5.6 Statistical analysis
To determine whether the Monod kinetics model appropriately fit the data, we used R2
values and also ensured that there were no trends in the residuals.
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2.1 Abstract
Since iron (Fe) solubility in oxygenated seawater is low, solid-phase iron makes up much of
the total Fe in the ocean. Solid-phase Fe has not generally been considered to be bioavailable
to phytoplankton, because they are not thought to consume whole particles by phagocytosis,
but recent studies suggest phytoplankton can actively utilize the Fe in local dust sources by
mobilizing it from the particle. In the case of nitrogen-fixing cyanobacterium Trichodesmium,
previous work suggests the colonies can mobilize Fe from Saharan dust when surface contact
is allowed. Here we aim to generalize the observation that surface contact facilitates Fe uti-
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lization by phytoplankton in the ocean, using a model, Fe-efficient pennate diatom and Fe(II)
silicate particles relevant to the Fe-limited Southern Ocean. We show that diatom growth is
more efficient with surface contact between solid-phase Fe and diatoms, suggesting that as-
sociations between phytoplankton and dust-borne particulate Fe creates microenvironments
in the ocean where Fe is more accessible than the bulk solution, due to one of two possible
mechanisms: 1) diffusion limitation or 2) biotic dissolution involving either active dissolution
of Fe at the particle surface, dissolution by Fe ligands produced by the diatom, or immediate
uptake of Fe reduced at the cell-particle interface. We suggest further work to determine
the precise mechanisms and kinetics of particulate Fe uptake at the particle-phytoplankton
interface.
2.2 Introduction
Iron (Fe) is a micronutrient that is essential for all life, but its low solubility in oxygenated
seawater results in Fe limitation in many regions of the ocean [3]. Due to the low solubility of
Fe in the ocean, colloidal (0.02-0.4 µm) and particulate (>0.4µm) Fe are prominent phases [7].
In fact, all major Fe sources to the ocean involve solid phases: dust contributes a variety
of mineral phases with varying bioavailabilities to the ocean [114, 115], shelf sediment is
inherently rich in solid-phase Fe [16,17], and the transport of hydrothermal Fe is controlled by
reversible exchange onto particulate Fe(III) oxyhydroxide phases [18]. These phases include
highly bioavailable primary Fe(II) silicates in glaciogenic dust and sediment [10,114,115] and
less bioavailable Fe oxyhydroxide species in interglacial sediment and Saharan dust [10,114].
Eukaryotic and prokaryotic phytoplankton are single celled organisms (sometimes in
chains and colonies) that are at the base of the food chain in the ocean. Particulate and
colloidal Fe is not thought to be generally bioavailable to phytoplankton, because phyto-
plankton do not consume full particles by phagocytosis [57], and rather rely on dissolved
Fe to bind to surface proteins and pass through the cell membrane [30]. Thus, Fe dissolu-
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tion from particles into the bulk mixed layer is thought to be necessary for dust-borne Fe
bioavailability [11].
Under the assumption that Fe must be dissolved to be utilized by phytoplankton, re-
searchers have tried to determine which dissolved Fe species are bioavailable. Until recently,
a dominant theory was that only free, unchelated Fe present as Fe hydrolysis species in water
(referred to as Fe′) could be taken up by phytoplankton. Now, the dominant theory is that
both Fe′ and organically bound Fe are bioavailable, since this Fe complexed with an organic
ligand can be reduced and taken up into the phytoplankton cell [30]. Organic ligand inter-
actions with Fe in the surface ocean also provide a paradox - ligands (including siderophores
designed to specifically bind Fe) stabilize Fe so it does not precipitate and fall out of the
mixed layer, yet the stronger and more efficient the ligand is at binding Fe, the more difficult
it is for phytoplankton to access that Fe [2]. We will not fully explore the ligand paradox
here, but we will investigate ways that diatoms may utilize dust-borne particulate Fe before
it settles out of the mixed layer, potentially with or without ligands.
Based on a long history of studies investigating Fe acquisition, we now know that there
are two main Fe utilization mechanisms employed by phytoplankton: siderophore-mediated
Fe acquisition and reductive Fe uptake [30]. Siderophore-mediated Fe acquisition involves
the production of strong, Fe(III)-specific chelators that travel from the cell by diffusion,
bind Fe, and travel by diffusion back to the cell to be taken up [30]. Reductive Fe uptake
involves cell surface reductases that reduce Fe(III) in order to dissociate the Fe from a wide
variety of organic ligands in the ocean, so the Fe can be transported as free Fe into the
cell [30]. The prokaryotic, nitrogen-fixing phytoplankton Trichodesmium does not appear
to produce its own siderophores, but rather takes up Fe from siderophores produced by
other organisms [116]. Eukaryotic diatoms, which are responsible for 1/5 of modern global
photosynthsis [23] and are the first to grow with Fe addition to Fe limited regions [117], do
not produce their own siderophores, although there is evidence that they can internalize Fe
bound to siderophores produced by other organisms [28]. Diatoms also have well defined
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Fe reductases on the surface [27], which are likely responsible for efficient Fe utilization in
Fe-limited conditions [67].
Over geologic time, marine phytoplankton have developed a number of mechanisms for
efficiently taking up Fe from seawater. In gyre regions, where major nutrients are limiting,
the nitrogen fixing cyanobacterium Trichodesmium has high Fe requirements, and they have
developed efficient ways of “mining” particulate Fe from Saharan dust that involve surface
contact between the particles and the cell (9, 10). In the Fe-limited Southern Ocean, which
is remote from fluvial and shelf Fe sources, solid-phase dust-borne Fe influences growth of
Fe-efficient diatoms and results in CO2 drawdown upon organic carbon export to the deep
ocean [4, 118–122]. Bioavailable dust-borne primary Fe(II) silicates are highly bioavailable
to diatoms [114] and the Fe(II) silicate content of dust reaching the Southern Ocean is
correlated with Fe fertilization and CO2 drawdown over the last glacial cycle [115]. Despite
differences between Trichodesium and diatoms, it is possible that utilization of particulate
Fe is a generalized strategy for Fe utilization in the oxygenated ocean. We investigate that
hypothesis here.
A number of studies on the bioavailability of particles assume a dissolved intermedi-
ate diffuse in the bulk solution, including dust-borne particulate Fe dissolution experi-
ments [123, 124] and observations of the association between dissolved and particulate Fe
concentrations in various ocean regions [16, 125], but these do not always take into account
1) the rate of dissolution of particles, 2) the rate of transport (diffusion) of those particles
to the phytoplankton cell, and 3) the rate of uptake of dissolved Fe, all three of which affect
particulate Fe bioavailability. Laboratory cultures with phytoplankton and colloids or parti-
cles do take into account all three rates that may impact solid-phase Fe bioavailability, but
they do not confirm which is limiting, mainly because cells are allowed to make contact with
the solid-phase Fe, eliminating the possibility for diffusion limitation of dissolved Fe leaving
the particle [57, 114].
The kinetics of solid-phase Fe(II) silicate utilization by diatoms in contact with the cell
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surface [114] and the kinetics of dissolved Fe uptake by a diverse set of studied phytoplank-
ton [1, 2] follow a Monod Michaelis-Menten-type nutrient accessibility model, suggesting Fe
uptake is ultimately controlled by surface proteins regardless of initial source, at least in the
absence of diffusion limitation. Diffusion limitation is thought to limit phytoplankton cells
above 60 µm in diameter based on Fe′ uptake rates versus Fe′ diffusion [2], but the impact
of diffusion on particulate Fe bioavailability is not known. In the ocean, the concentration
of Fe(III) hydrolysis species (Fe′) is thought to control Fe bioavailability to phytoplankton,
since these species can interact with surface proteins [2]. These species are highly insoluble
and will precipitate as ferrihydrite at [Fe′] ∼ 0.7 nM [126]. However, organic ligands such as
EDTA can stabilize Fe in the dissolved phase, and EDTA is used to buffer [Fe′] in laboratory
cultures [73]. It is likely that particulate Fe passes through these dissolved phases to be
available at the phytoplankton cell surface. The rates of particulate Fe dissolution, trans-
port (dominated by diffusion at the surface of small particles [61] and in unstirred laboratory
cultures) and Fe uptake at the surface of the phytoplankton cell all potentially influence the
bioavailability of particulate Fe. Here we isolate the impact of surface contact on particulate
Fe utilization to determine the role of dissolution versus surface reactions on particulate
Fe(II) silicate bioavailability to diatoms.
Here, we explore the possibility that diatoms use solid-phase primary Fe(II) silicates by
way of a surface interaction, as Trichodesmium does for Saharan dust. To investigate the
possible role of surface contact on primary Fe(II) silicate utilization by diatoms, we physically
separate powdered biotite (an Fe(II) silicate) from the model diatom Phaeodactylum tricor-
nutum with dialysis tubing in laboratory cultures. We show that Fe utilization by diatoms
increases when the cells are allowed to come in contact with biotite particles. To probe the
role of Fe dissolution through the bulk solution versus contact-mediated Fe utilization in our
cultures, we calculate the theoretical maximum dissolution of Fe from the biotite and the
theoretical Fe quota for the diatoms grown in contact with biotite using literature values.
Since estimates of Fe dissolution are comparable to the estimated Fe quota of the diatoms
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grown in contact with the particles, surface contact may facilitate solid-phase Fe utilization
by phytoplankton by alleviating diffusion limitation.
2.3 Results and Discussion
We present evidence from laboratory cultures that suggest direct contact between particulate
Fe and diatoms facilitates growth beyond that supported by dissolution of Fe into the bulk
solution (Figure 2.2). P. tricornutum is a well-characterized model pennate diatom used
to study novel Fe utilization mechanisms in Fe-limited culture experiments [28, 114]. P.
tricornutum is useful for studying Fe utilization mechanisms because it is fully genetically
sequenced [27], it produces the iron-starvation-induced proteins ubiquitous in phytoplankton
[67], and it has been genetically modified to understand the role of these individual proteins
[28]. P. tricornutum cells are small (∼2.5-3.5 µm in diameter), so diffusion does not limit Fe′
uptake at the surface, assuming the Fe′ is diffuse in the bulk media [2]. Diatoms were grown
in well-defined seawater media made from low-Fe Sargasso seawater, with metals added in
appropriate concentrations to keep the activity the same between EDTA conditions [73]. To
probe the importance of ligand concentration and particle surface area on Fe utilization from
biotite by P. tricornutum [27], we use low (5 µM) and high (100 µM) EDTA concentration
and small (<20 µm diameter) and large (63-126 µm diameter) biotite particles added to the
same mass, respectively. A control with no Fe added (“no Fe”) tracked the growth due to
small amounts of residual Fe in the media, and a replete-Fe control (“full Fe”) contained 1:1
FeCl3:EDTA added to the full concentration in replete Aquil media as appropriate for the
given EDTA concentration. We used the chlorophyll a concentration at the end of the 14
day growth period, determined colorimetrically (see Methods), as a proxy for total biomass
in the cultures [127,128]. A diagram of the experimental conditions is shown in Figure 2.1.
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Biotite inside dialysis bag (“biotite in”) Biotite outside dialysis bag (“biotite out”) No Fe with dialysis bag (“no Fe”) 
KEY: 
Dialysis bag Diatoms Biotite FeCl3 with EDTA 
Figure 2.1: Dialysis bag experimental conditions with P. tricornutum. Diatoms are always added to the
culture bottles outside of the dialysis bags. Biotite particles are added either outside or inside the dialysis
bag, in order to allow and disallow surface contact with the diatoms, respectively. The Fe replete control,
“full Fe,” has FeCl3 complexed with EDTA (at a concentration of 100 µM EDTA in the culture media)
added to the inside of the bag, so only dissolved Fe-EDTA complexes, not large Fe-EDTA colloids [129,130],
can pass through. A dialysis bag with no added Fe was added to the “no Fe” control in order to show the
role of any contaminating Fe on diatom growth. Diagram is not to scale.
With both low and high EDTA concentrations, and both small and large biotite particle
fractions, diatom growth was higher in cases where surface contact was allowed between
particles and diatoms (Figure 2.2). For cultures with particles added inside the bag, only
dissolved Fe species and biotite particles less than ∼1 nm cubed can pass through to interact
with the diatoms, based on the molecular weight cutoff of the dialysis tubing (see Methods).
While the precise mechanism of contact-mediated particulate Fe utilization is not known,
we show that surface contact facilitates diatom utilization of Fe from primary Fe(II) sili-
cates important to the Fe-limited Southern Ocean [114, 115]. Interestingly, while growth
is generally higher in cultures with the higher EDTA concentration, it is not proportional
to the ligand concentration. Research suggests that EDTA does not significantly increase
primary Fe(II) silicate dissolution, including biotite [131], even though EDTA is known to
enhance dissolution of iron oxides [131]. Previous work also suggests that EDTA is not the
most important driver of surface-mediated Fe utilization by diatoms: in media made with
coastal seawater and no EDTA, the utilization of solid-phase Fe by diatoms still benefits
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from surface contact [114]. Thus, the EDTA ligands likely serve to better stabilize dissolving
Fe in the culture rather than increase biotite dissolution rates. The EDTA must have some
effect on increasing Fe in solution, since higher EDTA lowers the highly bioavailable free
Fe′ with all other parameters equal [2]; for example, the “full Fe” 100 µM EDTA culture
contains 18× more FeCl3 as the “full Fe” 5 µM EDTA culture, to maintain the same [Fe′].
It is possible that EDTA facilitates the stability of dissolved Fe in the cultures and prevents
ferrihydrite precipitation, to balance the effect on free Fe′ and maintain growth comparable
to and higher than the low-EDTA condition. Since EDTA can form colloidal complexes
with Fe that would not pass through the dialysis bag in this experiment [129, 130], there is
likely a complex interplay between EDTA and Fe bioavailability in the cultures. Just like
the ligand-Fe bioavailability paradox described above for the surface ocean, in our cultures
EDTA ligands can prevent ferrihydrite precipitation to increase Fe bioavailability, but also
decrease Fe bioavailability to diatoms outside the bag by forming strong Fe-EDTA com-
plexes including colloids. Future work is necessary to refine our understanding of ligands
and primary Fe(II) silicate bioavailability, with relevance in the Southern Ocean, especially
in terms of the kinetics of abiotic and biotic particulate Fe dissolution, Fe-ligand formation,
and Fe-ligand disassociation and Fe uptake.
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Figure 2.2: The chlorophyll a biomass proxy in dialysis bag experiments with Phaeodactylum tricornutum.
Biomass was quantified once at the end of the 14 day growth period. Open bars are cultures with 5 µM EDTA,
diagonally hatched bars are cultures with 100 µM EDTA. The Fe source added is either 1:1 FeCl3:EDTA
added to Fe-replete conditions (full Fe, yellow) [73], or biotite dry-sieved to <20 µm or 63-125 µm, added
inside or outside a dialysis bag (<20 µm or 63-125 µm, in is red, out is green), as indicated by the bar labels
(see Methods). There is also a control with no Fe added (no Fe, grey) for the 5 µM and 100 µM EDTA
experiment. Error bars are ± one standard deviation of the two replicates for each experimental condition.
We use growth (quantified with chlorophyll a) normalized to a range of “no Fe”=0 and
“full Fe”=1 for both EDTA conditions, in order to directly compare the relative Fe uti-
lization efficiency in each biotite condition, and determine the importance of surface area
on biotite dissolution inside the bag versus surface-mediated Fe utilization outside the bag
(Figure 2.3). The <20 µm biotite outside the dialysis bag supported the highest growth—
significantly higher than the 63-125 µm outside the bag—and is the only biotite condition
to be statistically the same as the “full Fe” condition. This result supports the conclusion
45
that the diatoms benefit from surface interactions with the particles, because the growth is
higher with the smaller particles that have higher surface area. In contrast, the differences
in growth supported by small and large biotite particles inside the bag are not significantly
different, suggesting the dissolution may be diffusion controlled rather than surface con-
trolled. When the particles are contained in the dialysis bag, any dissolved Fe must diffuse
over a longer distance, suggesting diffusion limitation. We probably observe a certain degree
of growth when particles are inside the dialysis bag because diffusion is occurring, but the
Fe is just getting to the surface of the diatom more slowly due to the increased distance
between the particles and the diatoms. If diffusion control dominates, even phytoplankton
that don’t have additional mechanisms for mobilizing Fe from dust, such as those observed
in Trichodesmium, will better utilize the Fe dissolving from dust when it is in close proximity
to the cell.
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Figure 2.3: Growth quantified with chlorophyll a concentration normalized to a scale of “no Fe”=0 and “full
Fe”=1. Open bars are cultures with 5 µM EDTA, diagonally hatched bars are cultures with 100 µM EDTA,
and the labels and colors are the same as in Figure 2.2. Errorbars are ± one standard deviation of the two
replicates for each experimental condition, propagated for the normalization calculations. Asterisks above
the bars indicate groups that are statistically similar to the “full Fe” condition.
In future work, we plan to quantify total dissolved Fe with preconcentration of the Fe
on a resin plus mass spectrometry ex. [132], and colorimetrically with complexation of Fe
to the strong ligand DFB [21]. Dissolved Fe quantification is necessary to determine the
role of abiotically dissolved Fe on diatom growth, and to show whether diatoms are actively
dissolved Fe from particles similar to Trichodesmium, since strong associations with DFB
will prevent Fe uptake into the cell [21]. For this current work, in the absence of measured
dissolved Fe concentrations, we use estimates of total Fe dissolution from the diatom par-
ticles based on batch experiments measuring Fe dissolution from biotite in freshwater and
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estimates of the Fe quota in the culture as a first look at whether the uptake of Fe by our
model diatom may be controlled by diffusion rather than low rates of Fe dissolution from
particles (Figure 2.4). These estimates are obtained with a combination of observations from
our cultures and published literature values for Fe replete diatoms (see Methods). These cal-
culations are the theoretical “maximum” total Fe dissolved abiotically during the time of the
experiment, assuming surface control on dissolution and fresh biotite free of coatings formed
from partial dissolution, i.e. weathering [133]. These calculations provide some evidence that
P. tricornutum likely benefits from close association with biotite due to diffusion controls
rather than active dissolution by the diatoms, because the abiotic dissolution estimates are
generally comparable and in some cases higher than the estimated Fe quota for the highest
growth supported by biotite in our cultures. Thus, the higher growth observed when diatoms
are allowed to come in contact with particles suggests transport of the dissolved Fe (i.e. dif-
fusion) is limiting. Additional experiments are needed to determine 1) the instantaneous
Fe uptake rate, since it will depend on the concentration of Fe′ at the cell surface [58], and
2) the instantaneous Fe dissolution rate, since it may differ from experiments designed to
understand groundwater that we use in our calculations, especially for aged natural biotite
that may have less reactive surface sites [133]. Comparing these rates will be the most di-
rect way of determining whether Fe(II) silicate dissolution can support diatom growth or if
diatoms may enhance particulate Fe dissolution in some way, similar to the way that natural
Trichodesmium increases the rates of ferrihydrite dissolution over the abiotic rate [21].
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Figure 2.4: Estimates of total abiotically dissolved Fe and total Fe quota for maximum P. tricornutum
growth in the cultures at 14 days. Squares represent biotite in the 63-125 µm fraction, and circles represent
biotite in the <20 µm fraction. Low, medium, and high dissolution calculations (labeled) are based on the
range of Fe release rates from biotite observed at 25◦ C and pH ∼8.1 for the first 14 days of dissolution [133].
The estimates involve literature values for biotite surface area, Fe release rate from biotite, chlorophyll/cell,
g C/cell, and moles Fe:moles C in Fe-replete pennate diatom cultures (see Methods and Supplementary Ma-
terials). Errorbars are propagated error estimates on surface area (in the case of dissolution) and propagated
error estimates on chlorophyll concentration, g C/cell, and moles Fe:moles C (in the case of the Fe quota).
A simple model of the diffusive boundary layer around a particle shows the importance
of close contact with a dissolving particle surface, assuming diffusion limitation (Figure 2.5,
see Methods). Shown below are the equations for this simple model as summarized in [61],
with the diffusion of a dissolved molecule down a concentration gradient (Equation 2.1) and
the flux of a dissolved molecule from a spherical particle (Equation 2.2).
Cr = [QD/(4πDr)] + C∞ (2.1)
QD = 4πDr0(C0 − C∞) (2.2)
In these equations, Cr is the concentration of the dissolved molecule at a distance r from
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the center of the cell, where r0 is the radius of the cell, and r is always greater than r0. QD
is the flux of the dissolved molecule from the cell surface, D is the diffusion coefficient of
the molecule, C∞ is the concentration of the molecule in the bulk solution, and C0 is the
concentration of the molecule at the cell surface.
Under diffusion-limiting conditions, the concentration of the dissolving species is higher
than the bulk solution close to the particle, in what is called the diffusive boundary layer [134].
Fluid dynamics modeling has shown that diffusive boundary layers exist around all small
(<100 µm) particles in open ocean regions [61] because turbulence does not act on those small
spatial scales [135]. We calculate the concentration of dissolved Fe species (as a fraction of
the equilibrium dissolved Fe concentration at the particle surface) at increasing distance from
the particle, for a representative small (20 µm) and large (100 µm) Fe-rich particle, using
established equations previously applied to diffusive boundary layers surrounding diatom
cells [61]. Our models show that 10% of the surface concentration extends to a distance
of 100 µm from the center of the 20 µm particle, and 500 µm from the center of the 100
µm particle. Thus, as summarized in previous work, larger particles have larger diffusive
boundary layers [61]. Thus, the benefit of large particles/large diffusive boundary layers may
help balance the benefit of small particles/faster dissolution/more potential surface contact
with diatoms. Extensive future work is needed to classify the kinetic controls on dust-borne
Fe utilization in the ocean. Future research should work to better understand the rates
of particulate Fe dissolution in the ocean to show whether dissolution is fast enough for
diffusion limitation to dominate for Fe dissolving from dust particles. Future work and more
detailed modeling can confirm the microenvironments supported by the diffusive boundary
layers of particles, and imaging can determine whether there is attachment and between
particles and diatom cells and whether there is any etching of particles by diatoms through
the dissolution process, which might suggest particulate Fe utilization by active dissolution
mechanisms. Future work can also determine the expected equilibrium concentration at
the surface, which is likely controlled by the ligand concentration, since ligands keep the
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dissolving Fe in solution.
Figure 2.5: The relative concentration of a diffusion-limited dissolved chemical species at a distance from
the particle center, by size, for particles of (A) 20 µm diameter and (B) 100 µm diameter. The grey bars
indicate the radius of the particle, and concentrations are relative to that at the particle surface (typically
the equilibrium concentration) [61].
Based on our experimental results and models described above, there are two possible
general mechanisms that can describe our observation that diatoms more efficiently use
particulate Fe when the particles and diatoms are in close contact, which are illustrated in
Figure 2.6. These are 1) diffusion limitation and 2) biotic dissolution of the particles at the
cell surface. With diffusion limitation, the Fe in the particles is only dissolving abiotically
(and is likely stabilized by the added ligand EDTA), and diffusion limits the transport of
that dissolved Fe such that the concentration at the surface of the particles is higher than
that in the bulk media. With biotic dissolution, the particles dissolve abiotically at some
slow rate with the concentration at the surface equalling that in the bulk media, and some
biological aspect of the diatom culture speeds the dissolution of the Fe in the particles close
to the cell surface, whether it be diatom-excreted ligands or surface proteins. Diatom surface
proteins may reduce Fe at the surface of the particles for immediate uptake, under this biotic
dissolution scenario. For both diffusion limitation and biotic dissolution, a small fraction of
Fe is dissolved in the bulk media, which is why we observe a certain degree of growth in
the bottles with biotite inside the dialysis bag, but the growth is higher in the bottles with
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biotite outside the bag due to either diffusion limitation or biotic dissolution.
If we quantify dissolved Fe in future work, we can determine if one of the two mechanisms
described above dominates, or if they both contribute to particulate Fe utilization efficiency.
We can used dissolved Fe estimates in culture media with biotite and no diatoms to determine
whether diffusion limitation is occurring - if it is, we may be able to observe differences in
dissolved Fe inside and outside the dialysis bag on a timescale shorter than the growth of
the diatoms. If biotic dissolution is occurring, we will observe higher dissolved Fe in DFB
experiments with diatoms versus without diatoms. If we then want to differentiate between
active dissolution of biotite by proteins at the cell surface versus dissolution of biotite by
extracellular polysaccharides, we can investigate whether cells need to be alive to promote
dissolution (active dissolution) or if killed cells and/or filtered cell products also promote
dissolution of the particles (extracellular polysaccharide dissolution) [21]. Reductases at
the diatom surface may be responsible for any active uptake, since they could reduce and
mobilize Fe oxide coatings that form on the surface of reactive Fe(II) silicate particles [136].
Our results show the importance of close association between Fe-bearing particles and this
model diatom that uses them as an Fe source, and future work will help us differentiate
between the two possible mechanisms outlined in Figure 2.6.
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Biotite inside dialysis bag (“biotite in”) Biotite outside dialysis bag (“biotite out”) 
Diffusion limitation 
Biotic dissolution 
Figure 2.6: The two possible mechanisms for surface-mediate particulate Fe utilization by diatoms in this
experiment. The experimental conditions are labeled at the top in red and green, and short descriptions
of the possible mechanisms (“Diffusion limitation” and “Biotic dissolution”) are in black to the left of the
diagrams. The key is the same as in Figure 2.1. For “Diffusion limitation,” the clouds of dissolved Fe with
EDTA indicate that the Fe is diffusing away from the dissolving biotite particles. For “Biotic dissolution,”
the blocks of dissolved Fe with EDTA indicate that there is a concentration of dissolved Fe with EDTA
throughout the bulk media that is the same regardless of distance from the particle (as occurs when there is
no diffusion limitation).
Previous work shows that Trichodesmium utilizes ferrihydrite through active dissolu-
tion [21,22], but the proteins responsible for this dissolution are still being determined. Our
work shows that P. tricornutum benefits from surface contact with biotite (Figure 2.2),
through either diffusion limitation or active dissolution. In both cases, a desire to better
describe the precise mechanisms motivates future kinetic and microbiological work. Our
simplified model of abiotic Fe dissolution and Fe quota is generally consistent with our ob-
servations, showing that Fe dissolved abiotically and diffused in the bulk media likely only
provides part of the Fe that supports growth in our cultures, and is likely complemented
by surface-mediated interactions between diatoms and Fe-bearing particles, but it does not
describe interactions with ligands, rates of dissolution and uptake, or the surface proteins
involved. It is important to collect kinetic and microbiological information in laboratory cul-
tures and shipboard microcosm experiments to better understand and quantify solid-phase
Fe utilization by phytoplankton. Quantifying dissolved Fe with and without phytoplankton,
ligand concentration (including extracellular polymeric substances that can contribute to
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dissolution and aggregation), and the Fe quota in washed cells over time can help us differ-
entiate ligand-mediated dissolution from dissolution at the surface of phytoplankton [21,22]
and other surface-mediated reactions. Calculating Fe uptake rate is also possible with 55Fe-
labeled synthetic ferrihydrite [21, 58], which is ubiquitous in ocean waters and likely an
important contributor to solid-phase Fe uptake as a result. Studies of Trichodesmium in-
clude microbiological assays [22] that show a down-regulation of Fe stress genes when cells
are in contact with dust particles, and these assays should be expanded so they can be
generalized to other solid phases and phytoplankton species.
Future work should also investigate microenvironments at the interface between phyto-
plankton and solid-phase Fe with and without associated heterotrophic bacteria. In our ex-
periment, the diatom was characterized as axenic culture (by the Provasoli-Guillard National
Center for Marine Algae and Microbiota) and maintained using sterile methods. While no
bacteria was added to the experiment, and there was no gross contamination of the cultures
based on aliquots grown in bacterial culture media at the end of the experiment (see Meth-
ods), we cannot rule out minor amounts of contaminating bacteria or bacteria associated with
the inoculate itself. The role of interactions with other species in contact-mediated particu-
late Fe utilization is also unresolved in studies of the cyanobacterium Trichodesmium [22].
Understanding the interplay between phytoplankton and heterotrophic bacteria in solid-
phase nutrient utilization is especially important for Fe since Fe-mobilizing siderophores are
produced by bacteria and not produced by diatoms [27, 82]. It is likely that our exper-
imental results represent bacteria-free conditions since the added EDTA likely controlled
any ligand-mediated stability and transport of dissolved Fe, but siderophores should also be
more efficient in aggregates with Fe particles, since siderophores easily become too dilute to
benefit Fe acquisition [82]. Heterotrophic bacteria that attach to diatoms have been shown
to prompt diatom aggregation [137], suggesting that microenvironments may be generally
beneficial to bacteria-phytoplankton symbiosis, possibly due in part to enhanced solid-phase
Fe uptake. Diatoms also tend to aggregate under nutrient limitation, and some researchers
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suggest this aggregation can enhance nutrient uptake [138]. This may extend to solid-phase
Fe utilization.
Our evidence for surface-contact-mediated Fe utilization of primary Fe(II) silicates by
diatoms, combined with existing evidence for surface-contact-mediated Fe utilization of Sa-
haran dust by the cyanobacterium Trichodesmium [22] suggests close association between
phytoplankton and solid-phase Fe, including biofilms and phytoplankton aggregates, may
create microenvironments that facilitate utilization of particulate Fe in many regions of the
ocean, either by relieving diffusion limitation or through biotic dissolution of the particles
by the phytoplankton [21, 22]. Future work should determine the relative importance of
dissolution rates, diffusion limitation, active dissolution, and other surface processes in the
utilization of particulate Fe by phytoplankton.
2.4 Methods
2.4.1 Culture experiments
The P. tricornutum CCMP632 inoculate was obtained as an axenic culture from the Provasoli-
Guillard National Center for Marine Algae and Microbiota and maintained under sterile con-
ditions. The inoculate was Fe-starved at 6.7 nM Fe in Aquil containing 100 µM EDTA for
several generations and added to the experiment bottles at a concentration of 2000 cells/mL
at day 0. The cultures were grown at 18.3◦ C with 12 hr:12 hr light:dark cycles. Light levels
were ∼60-70 µmol photons m−2 s−1.
The culture experiments were conducted in acid-washed and microwave-sterilized polycar-
bonate bottles with 100 mL of microwave-sterilized Fe-free Aquil media made with Sargasso
seawater collected in September (salinity = 36.48) and an EDTA concentration of 5 µM or
100 µM. For each EDTA concentration, each metal (including Fe) was added to the same
free metal activity [73]. For each culture containing biotite, 1.5 mg of microwave-sterilized
biotite was added to the media just before inoculation, either inside or outside a dialysis
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bag made from dialysis tubing. For Fe-replete conditions (“full Fe”), 1000× stock solutions
of 1:1 FeCl3:EDTA made at the appropriate concentration was added inside a dialysis bag
made from dialysis tubing. The Fe-free controls (“no Fe”) contained no added Fe. A dialysis
bag was added for consistency with the rest of the cultures.
Solid-phase Fe was added as biotite powder crushed from the hand sample with a hy-
draulic press and powdered with a stainless steel ball mill. After powdering, the biotite was
dry-sieved to <20 µm and 63-135 µm in diameter, in order to prevent the dissolution of
highly labile surface Fe that may occur with wet-sieving. The 1.5 mg aliquots were weighed
into acid-washed plastic centrifuge tubes and microwave-sterilized for 5 minutes before they
were added to the cultures either inside or outside dialysis bags.
Twelve centimeters of 2 kD molecular weight cutoff Spectra/Por 6 pre-wetted standard
grade regenerated cellulose dialysis tubing (11.5 mm diameter) was tied at both ends to create
the dialysis bags. Approximately 1 mL of media was added to the inside of the dialysis bag
with biotite or the 1:1 FeCl3:EDTA solution, as appropriate, and an air bubble at the end of
the bag kept the bags floating close to the top of the cultures. Before use, any contaminating
metals were removed from the dialysis tubing by soaking it for several days in a 1% EDTA
solution in ultrapure water (18.2 MΩ·cm). To remove excess EDTA and sterilize the tubing,
the tubing was soaked in ultrapure water and microwave-sterilized before use. The diatoms
were always added outside the dialysis bags (to a concentration of ∼2000 cells/mL), and the
1:1 FeCl3:EDTA solution used in the Fe replete control (“full Fe”) was always added inside
the dialysis bag. The 1.5 mg aliquots of <20 µm and 63-125 µm biotite was added inside or
outside the dialysis bag depending on the experimental condition. Based on the molecular
weight cutoff of dialysis tubing and the density of biotite (3 g/cm3 [139]), only dissolved Fe
and biotite particles less than ∼1 nm cubed can pass through the dialysis bags, assuming
the particles are shaped as cubes. We added the dissolved Fe in the “full Fe” control inside
the dialysis bag so only low-molecular-weight, soluble Fe-EDTA complexes can pass through
(colloidal Fe-EDTA likely remains inside the dialysis bag) [129,130], and we added a dialysis
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bag to the “no Fe” control in order to show the significance of any contaminating Fe left
over after the EDTA wash used to clean the tubing before use.
At the end of the 14 day experiment, small aliquots (∼0.5 mL) of media from duplicate #1
for each experimental condition was added to 5 mL of filter-sterilized Difco marine broth in
microwave-sterilized polycarbonate tubes. The tubes were incubated at room temperature in
the dark with loosened caps. The broth was visibly clear for all experimental conditions when
they were checked after two weeks, suggesting no gross contamination of the experimental
bottles during diatom maintenance or manipulations. Positive growth controls were created
by adding small aliquots (∼0.5 mL) of bacteria originating from unsterilized Difco media
to 5 mL of filter-sterilized Difco marine broth in microwave-sterilized polycarbonate tubes,
and these grew to the point of visibly clouding the media after a few days. A Difco marine
broth sterility test was also conducted for the P. tricornutum inoculate, using ∼0.5 mL of
inoculate in ∼5 mL autoclave-sterilized Difco marine broth and glass vials, and this was still
clear when it was checked at the end of a month.
Diatom growth was quantified using chlorophyll extraction. On day 14 after inoculation,
cells were harvested to quantify chlorophyll in each culture colorimetrically. First, 25-90 mL
of culture was filtered through glass fiber filters, depending on the density of the culture such
that the filters did not become overloaded. The glass fiber filters were quickly blotted dry
from the bottom using Kimwipes and frozen in glass vials at -20◦ C. Within one week of col-
lection, the filters were thawed at room temperature and the chlorophyll was extracted in 6
mL of 100% ethanol for at least 30 minutes at room temperature. The extraction was filtered
again through a 0.2 µm Supor filter to remove cell and filter debris and the absorbance of the
filtrate was measured at 629 and 665 nm on a Shimadzu BioSpec Double Beam 1601 spec-
trophotometer in new acrylic cuvettes. The empty spectrophotometer was zeroed at 665 nm
before data collection, and a pure 100% ethanol background was automatically subtracted
for each sample. The chlorophyll a and total chlorophyll (a+c1+c2) concentration was calcu-
lated using equations developed for diatom extractions in 100% ethanol [140]. Chlorophyll
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a was used as a proxy for total diatom biomass [127, 128], and the total chlorophyll was
used in estimates of the Fe quota [27], and the two were very well correlated (R2 = 0.997,
Appendix C, Figure C.1). The chlorophyll concentrations in the original cultures were cal-
culated using the undiluted (1:1) or 1:2 dilution of each extraction. The spectrophotometer
readings for the 6 mL extractions were highly linear at 1:1, 1:2, and 1:4 dilutions (ex. Ap-
pendix C, Figure C.2). Normalized growth (to directly compare the 5 µM EDTA and 100
µM EDTA conditions) was calculated by subtracting chlorophyll a concentration in the “no
Fe” condition and dividing by the “full Fe” condition (with “no Fe” subtracted) to get a “no
Fe” normalized growth of 0 and a “full Fe” normalized growth of 1. Errors (± 1 standard
deviation of the two duplicates) were propagated.
2.4.2 Fe dissolution and quota estimates
Since we do not have data quantifying the dissolved Fe in our cultures, our best estimates
of abiotic Fe dissolution from biotite and the Phaeodactylum tricornutum Fe quota in our
cultures are based on a combination of literature values and experimental measurements. The
total dissolved Fe and Fe quota were calculated for the cultures the end of the experiment,
14 days after inoculation. See the Supplemental Materials for information from an Excel file
with the kinetics data and calculations, including error estimates (Appendix C, Figure C.3).
The biotite dissolution is based on published surface areas for various biotite size fractions
using Brunauer-Emmett-Teller theory [139], and we assumed large errors on the estimates.
Rate of Fe release from biotite are those measured in 25◦ C freshwater at pH 8.1 [133], and
we assumed low, medium, and high dissolution rates based on the range of rates of Fe release
in the first 14 days of the dissolution experiment we used for our estimate [133].
The Fe quota estimate is based on Fe-replete cultures and the maximum total chlorophyll
concentration in the 100 µM EDTA <20 µm biotite outside the bag condition. Total chloro-
phyll was converted to an Fe quota using a published chlorophyll/cell value for Fe-replete P.
tricornutum [27], the maximum published carbon/cell value for P. tricornutum [141], and
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a moles Fe:moles C estimate from Fe-replete Pseudo-nitzschia spp. [26], another Fe-efficient
pennate diatom.
2.4.3 Diffusive boundary layer model
For our simple diffusion model, we used published equations previously used to model the
diffusive boundary layer around diatom cells [61], see Equations 2.1 and 2.2. We assumed
the biotite particles were spherical, for simplicity, and we assumed the concentrations at each
distance were relative to that at the surface of the particle, which is usually the equilibrium
concentration (i.e. the maximum possible concentration in the solution). In this case, the
equilibrium dissolved Fe concentration is likely the EDTA (ligand) concentration, assuming
the EDTA interacts with all Fe that has been mobilized from the biotite. We also assume
that the dissolved Fe concentration at infinity distance from the particle (i.e. the bulk
concentration) is zero. The published equations reduce to terms based only on particle
radius, radius from the center of the particle, the concentration at the surface of the particle,
and the concentration in the bulk media, so our models are not dependent on the dissolved
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Chapter 3
Highly bioavailable dust-borne iron
delivered to the Southern Ocean
during glacial periods
This chapter is published in PNAS,1 distributed under a Creative Commons Attribution-
NonCommercial-NoDerivatives License 4.0 (CC BY-NC-ND).
3.1 Abstract
Changes in bioavailable dust-borne iron (Fe) supply to the iron-limited Southern Ocean may
influence climate by modulating phytoplankton growth and CO2 fixation into organic mat-
ter that is exported to the deep ocean. The chemical form (speciation) of Fe impacts its
bioavailability, and glacial weathering produces highly labile and bioavailable Fe minerals
in modern dust sources. However, the speciation of dust-borne Fe reaching the iron-limited
Southern Ocean on glacial-interglacial timescales is unknown, and its impact on the bioavail-
able iron supply over geologic time has not been quantified. Here we use X-ray absorption
spectroscopy on subantarctic South Atlantic and South Pacific marine sed- iments to recon-
struct dust-borne Fe speciation over the last glacial cycle, and determine the impact of glacial
activity and glaciogenic dust sources on bioavailable Fe supply. We show that the Fe(II) con-
1Elizabeth M. Shoenfelt, Gisela Winckler, Frank Lamy, Robert F. Anderson, Benjamin C. Bostick,
“Highly bioavailable dust-borne iron delivered to the Southern Ocean during glacial periods,” PNAS, 2018.
Available at https://doi.org/10.1073/pnas.1809755115.
61
tent, as a percentage of total dust-borne Fe, increases from ∼5 to 10% in interglacial periods
to ∼25 to 45% in glacial periods. Consequently, the highly bioavailable Fe(II) flux increases
by a factor of ∼15 to 20 in glacial periods compared with the current interglacial, whereas
the total Fe flux increases only by a factor of ∼3 to 5. The change in Fe speciation is domi-
nated by primary Fe(II) silicates characteristic of glaciogenic dust. Our results suggest that
glacial physical weathering increases the proportion of highly bio- available Fe(II) in dust
that reaches the subantarctic Southern Ocean in glacial periods, which represents a positive
feedback between glacial activity and cold glacial temperatures.
3.2 Significance
Dust-borne iron fertilization of Southern Ocean phytoplankton contributes to lower glacial at-
mospheric CO2. Previous studies evaluating the impact of dust on climate estimate bioavail-
able iron using total iron fluxes in sediment cores. Thus, all iron is considered equally
bioavailable over geologic time, despite evidence that glaciers mobilize highly bioavailable
iron from bedrock, which winds can deliver to the Southern Ocean. Here we reconstruct dust-
borne iron speciation over the last glacial cycle, showing that highly bioavailable iron(II) sil-
icate minerals are a greater fraction of total iron reaching the Southern Ocean during glacial
periods. The abundance of iron(II) silicates likely controls the bioavailable iron supply to the
Southern Ocean and contributes to the previously observed increase in glacial productivity
and CO2 drawdown.
3.3 Introduction
Iron (Fe) fertilization of phytoplankton in the Southern Ocean is thought to contribute to the
glacial-interglacial changes in atmospheric CO2 concentrations e.g., [4, 118–122]. Increased
dust-borne Fe deposition and Fe fertilization of phytoplankton in the subantarctic South
Atlantic Ocean is associated specifically with the latter half of CO2 drawdown in the last
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glacial cycle, as evidenced by positive correlations between productivity proxies, nutrient
utilization proxies, and dust/total Fe fluxes measured in marine sediment cores [4,118,122].
Since John Martin made his Fe hypothesis in 1990 [13] through today, researchers have
relied on total dust and total Fe fluxes to marine sediment cores in the Southern Ocean
to evaluate the importance of Fe fertilization on geologic timescales [4, 118, 142, 143]. The
potential additional effect of the chemical form of dust-borne Fe is unknown, despite studies
showing that glacial processes impact solid-phase Fe speciation and increase dust-borne Fe
bioavailability in modern sources [10, 35, 114]. Others have observed high dust-borne Fe
solubility [144,145] and high concentrations of leachable, bioavailable Fe2+ [146] in Antarctic
ice cores at the Last Glacial Maximum (LGM) compared with interglacials, but these studies
do not measure solid-phase dust-borne Fe speciation nor evaluate its impact on Fe solubility
and bioavailability.
The solid-phase Fe in glaciogenic sediments is more labile and bioavailable than that in
nonglaciogenic sediments because it comprises more Fe(II) versus Fe(III) minerals [7,10,35,
114]. These Fe(II) minerals are typically primary Fe(II) silicates that are freshly weathered
from bedrock, in contrast with secondary Fe(III) oxyhydroxides that have undergone more
chemical weathering [10,114]. While glaciogenic sediments and glacial ice core dust have been
shown to be highly efficient at fertilizing Fe-limited phytoplankton [114, 147], the impact of
glaciogenic versus nonglaciogenic dust-borne Fe speciation on the bioavailable iron supply
reaching the Southern Ocean over the last glacial cycle has not been quantified. Instead,
all dust-borne Fe is considered equal in biogeochemical models, regardless of its solid-phase
speciation [11,31]. In this paper, we use bulk Fe K-edge X-ray absorption spectroscopy (XAS)
to determine the speciation—i.e., the average oxidation state [Fe(II)/Fetotal] and mineral
composition—of dust-borne Fe deposited to Southern Ocean sediment cores over the last
glacial cycle. We observe that Fe(II)/Fetotal is higher in glacial versus interglacial periods,
and that glacially derived primary Fe(II) silicates dominate the Fe deposited to the Southern
Ocean during glacial periods. We use microprobe-based X-ray fluorescence (µXRF) and Fe
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K-edge XAS (µXAS) to confirm the presence of distinct, pure primary Fe(II) particles in the
sediments that are physically weathered from bedrock and are not the result of diagenesis.
Since previous work has shown that primary Fe(II) silicates are more bioavailable for a given
Fe flux than other forms of Fe [10, 114], and the relationship between particulate Fe(II)
and bioavailability is linear under Fe limitation [114], we show that primary Fe(II) flux is
likely a better estimate of bioavailable Fe supply than dust flux or total Fe flux, and we
propose a positive feedback between glacial activity and cold glacial temperatures through
Fe fertilization of the Fe-limited Southern Ocean.
3.4 Results and Discussion
3.4.1 Fe(II) fluxes in the subantarctic South Atlantic and South
Pacific
Our solid-phase Fe speciation and bioavailability reconstructions are based on two sediment
cores in the subantarctic Southern Ocean: TN057-06 [42.91◦S, 8.9◦E, 3,751 m water depth,
the site survey core for Ocean Drilling Program (ODP) 1090 [148]] from the subantarctic
South Atlantic [143] and PS75/56-1 (55.16◦S, 114.79◦W, 3,581 m water depth) from the
subantarctic South Pacific [142] (Appendix D, Figure D.1). All samples were obtained from
1-cm widths in the core and freeze-dried without further processing. These cores have both
been used to show that Fe fluxes to the subantarctic Southern Ocean were ∼3 to 5 times
higher in glacial versus interglacial periods, and to link high dust and Fe fluxes at the LGM
to Fe fertilization of phytoplankton [4,142,143]. In this paper, we use the 230Th-normalized
232Th flux as a proxy for terrestrial dust inputs [149,150], and convert to dust flux using the
average 232Th content of upper continental crust (10.7 ppm) [151,152] (Figure 3.1A).
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glacial activity and cold glacial temperatures through Fe fertil-
ization of the Fe-limited Southern Ocean.
Results and Discussion
Fe(II) Fluxes in the Subantarctic South Atlantic and South Pacific.Our
solid-phase Fe speciation and bioavailability reconstructions are
based on two sediment cores in the subantarctic Southern
Ocean: TN057-06 [42.91°S, 8.9°E, 3,751 m water depth, the site
survey core for Ocean Drilling Program (ODP) 1090 (20)] from
the subantarctic South Atlantic (9) and PS75/56-1 (55.16°S,
114.79°W, 3,581 m water depth) from the subantarctic South
Pacific (8) (SI Appendix, Fig. S1). All samples were obtained
from 1-cm widths in the core and freeze-dried without further
processing. These cores have both been used to show that Fe
fluxes to the subantarctic Southern Ocean were ∼3 to 5 times
higher in glacial versus interglacial periods, and to link high dust
and Fe fluxes at the LGM to Fe fertilization of phytoplankton (1,
8, 9). In this paper, we use the 230Th-normalized 232Th flux as a
proxy for terrestrial dust inputs (21, 22), and convert to dust flux
using the average 232Th content of upper continental crust
(10.7 ppm) (23, 24) (Fig. 1A).
Representative bulk Fe K-edge XAS spectra (Fig. 1C) from
South Atlantic core samples across the last glacial cycle (Fig. 1A)
are distinctly different due to variable Fe(II)/Fetotal (shown as
percentages, Fig. 1B). Bulk XAS uses a typical X-ray beam size
of 1 mm × 10 mm, and obtains the average Fe(II)/Fetotal of a
given sediment sample as a result (26). During glacial periods
with high dust fluxes (Fig. 1A), positions of maximum absorption
are ∼7,130 eV, which indicate high Fe(II) content (10) (Fig. 1C).
In contrast, during interglacial periods with low dust fluxes (Fig.
1A), positions of maximum absorption are ∼7,133 eV, which
indicate high Fe(III) content [and thus low Fe(II)] (10) (Fig. 1C).
We present paleorecords of Fe(II) flux through the last glacial
cycle, based on XAS of our minimally processed marine sedi-
ment core samples from the subantarctic Atlantic and Pacific
sectors of the Southern Ocean (Fig. 2). The Fe(II) flux recon-
structions span the last 100,000 and 140,000 y for the South
Atlantic and South Pacific, respectively (Fig. 2 B and D). The Fe
(II)/Fetotal values (Figs. 1B and 2 A and C and SI Appendix, Fig.
S2) were determined using bulk Fe K-edge XAS and linear
combination fitting (LCF) to find the combination of published
standards with known Fe(II) content that best describes the
spectral features (10) (see Materials and Methods). The Fe(II)/
Fetotal values were then multiplied by the 230Th-normalized total
Fe flux to create the Fe(II) flux (Fig. 2). Fe quantification for
PS75/56-1 is detailed in SI Appendix, Fig. S3. The Fe(II)/Fetotal is
positively correlated with both dust flux and total Fe flux across
the full range of data in both cores (correlation plots, R2 values,
and P values are shown in SI Appendix, Fig. S4), and the Fe(II)/
Fetotal was ∼6× higher at the LGM compared with the current
interglacial period in both regions of the ocean (from ∼5 to ∼30%
Fe(II)/Fetotal; Fig. 2 A and C). Edge position data were used to
confirm the oxidation state information obtained by LCF (SI
Appendix, Figs. S5 and S6). We also collected XAS spectra on wet
(unprocessed), freeze-dried, and oven-dried sediments (50 °C
overnight) all from TN057-06 at 90 cm to 91 cm depth (dated
25.47 ka), to test the impacts of sample handling on Fe speciation.
All spectra, Fe(II) concentrations, and mineral compositions were
the same (within error) for all treatments, suggesting Fe speciation
in the sediments is not observably altered with typical sediment
core sample preparation (SI Appendix, Fig. S7).
The Fe(II) content of dust-borne Fe reaching the Southern
Ocean is higher in glacial periods than in interglacial periods.
Thus, glacial dust sources contain more reduced Fe species than
interglacial dust sources, which is likely the result of higher and
lower glacial activity (10–12), respectively, in the source regions.
Glaciogenic Primary Fe(II) Minerals Modulating Fe(II) Fluxes over
Time. Primary Fe(II) silicate minerals (e.g., biotite and horn-
blende) represent the largest contributions to Fe(II)/Fetotal and thus
Fe(II) flux in glacial periods, as determined with bulk XAS (SI
Appendix, Figs. S2 and S8). The spectra were fully described by a
mix of crystalline mineral phases (e.g., biotite, hornblende) and
more amorphous inorganic Fe (e.g., ferrihydrite). Our XAS method
is sensitive to organic Fe species (30), but these were not observed.
The observed Fe(II)/Fetotal and the contributions from Fe(II)
silicates are both higher in glacial periods, and lower in in-
terglacial periods. The primary Fe(II) silicate minerals that
dominate glacial Fe fluxes are consistent with physical weather-
ing/glacial activity, based on mineralogical studies of modern
glaciogenic dust sources (10, 11). In previous work, we have
shown that biotite and hornblende minerals in natural South
American dust can alleviate Fe limitation when added as the sole
Fe source in diatom cultures (10). The solubility (11), general
lability, and direct bioavailability (10) of these minerals,
Fig. 1. (A) The 230Th-normalized 232Th-based dust flux (gray) from the
South Atlantic marine sediment core (TN057-06) plotted with representative
high (blue stars), medium (purple triangles), and low (red squares) dust flux
samples. (B) Fe(II)/Fetotal values for the representative samples calculated
using LCF of the sample with mineral standards of known Fe(II) content,
using the Fe K-edge k3-weighted chi function. All error bars on Fe(II)/Fetotal
values are based on the goodness of fit and are produced using Larch (25).
The colors and open and closed symbols in A match those in B. (C) Fe K-edge
XAS spectra for the representative samples. Colors in C are the same as in A
and B, with dashed lines corresponding to open symbols and solid lines
corresponding to filled symbols. Lower edge positions indicate Fe that is
more reduced and therefore more bioavailable, and vice versa (10). Possible
ice-rafted debris and other terrestrial mineral contributions to the 230Th-
normalized 232Th dust proxy are the topic of ongoing research, especially
for the high peaks in Marine Isotope Stage 3 (blue stars).
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Figure 3.1: (A) The 230Th-norm lized 232Th-based dust flux (gray) from the South Atlantic marine sediment
core (TN057-06) pl tted with r presentative high (blu stars), medi m (purple triangles), and low (red
squares) dust flux samples. (B) Fe(II)/Fetotal values for the representative samples calculated using LCF of
the sample with mineral standards of known Fe(II) content, using the Fe K- dge k3-weighted chi function. All
error bars on Fe(II)/Fetotal values re based n the good ess of fit and are produced using Larch (25). The
colors and open and closed symbols in A match those in B. (C) Fe K-edge XAS spectra for the representative
samples. Colors in C are the same as in A and B, with dashed lines c rrespon ing to open symbols and solid
lines corresponding to filled symbols. Lower edge positions indicate Fe that is more reduced and therefore
more bioavailable, and vice versa [114]. Possible ice-rafted debris and other terrestrial mineral contributions
to the 230Th-normalized 232Th dust proxy a e the topic of ngoing r earch, especially for the high peaks in
Marine Isotope Stage 3 (blue stars).
Representative bulk Fe K-edge XAS spectra (Figure 3.1C) from South Atlantic core
samples across the last glacial cycle (Figure 3.1A) a e distinctly different due to variable
Fe(II)/Fetotal (shown as percentages, Fig. 1B). Bulk XAS uses a typical X-ray beam size of
1 mm × 10 mm, and obtains the average Fe(II)/Fetotal of a given sediment sample as a re-
sult [153]. During glacial periods with high dust fluxes (Figure 3.1A), positions of maximum
absorption are ∼7,130 eV, which indicate high Fe(II) content [114] (Figure 3.1C). In con-
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trast, during interglacial periods with low dust fluxes (Figure 3.1A), positions of maximum
absorption are ∼7,133 eV, which indicate high Fe(III) content [and thus low Fe(II)] [114]
(Figure 3.1C).
We present paleorecords of Fe(II) flux through the last glacial cycle, based on XAS of
our minimally processed marine sediment core samples from the subantarctic Atlantic and
Pacific sectors of the Southern Ocean (Figure 3.2). The Fe(II) flux reconstructions span the
last 100,000 and 140,000 y for the South Atlantic and South Pacific, respectively (Figure 3.2B
and D). The Fe (II)/Fetotal values (Figures 3.1B and 3.2A and C and Appendix D, Figure D.2)
were determined using bulk Fe K-edge XAS and linear combination fitting (LCF) to find
the combination of published standards with known Fe(II) content that best describes the
spectral features [114] (see Materials and Methods). The Fe(II)/Fetotal values were then
multiplied by the 230Th-normalized total Fe flux to create the Fe(II) flux (Figure 3.2). Fe
quantification for PS75/56-1 is detailed in Appendix D, Figure D.3. The Fe(II)/Fetotal is
positively correlated with both dust flux and total Fe flux across the full range of data in
both cores (correlation plots, R2 values, and P values are shown in Appendix D, Figure D.4),
and the Fe(II)/Fetotal was ∼6× higher at the LGM compared with the current interglacial
period in both regions of the ocean (from ∼5 to ∼30% Fe(II)/Fetotal; Figure 3.2 A and C).
Edge position data were used to confirm the oxidation state information obtained by LCF
(Appendix D, Figures D.5 and D.6). We also collected XAS spectra on wet (unprocessed),
freeze-dried, and oven-dried sediments (50◦C overnight) all from TN057-06 at 90 cm to 91
cm depth (dated 25.47 ka), to test the impacts of sample handling on Fe speciation. All
spectra, Fe(II) concentrations, and mineral compositions were the same (within error) for all
treatments, suggesting Fe speciation in the sediments is not observably altered with typical
sediment core sample preparation (Appendix D, Figure D.7).
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combined with their prevalence in modern glaciogenic dust
sources (10), suggest that they are important to phytoplankton in
the mixed layer of the ocean. Secondary Fe(II) minerals describe
good portions of the low interglacial Fe(II) fluxes (SI Appendix,
Fig. S8), which is consistent with chemical weathering processes
that are more important in interglacial periods (31).
To confirm the presence of distinct primary Fe(II) silicate
minerals in the unaltered marine sediment core samples, we use
an X-ray microprobe with a 2 μm × 2 μm X-ray beam size to
identify and characterize individual Fe-rich particles in a glacial
(42.7 ka) and interglacial (92.34 ka) sediment sample from the
South Atlantic (Fig. 3). The small beam size allows us to probe the
speciation of Fe in individual particles in the sediment sample
(32), in contrast to bulk XAS, which provides the average Fe
speciation and identifies the mix of minerals. Using μXRF maps,
we observe large (∼5 μm to 10 μm) Fe hotspots over a diffuse Fe
signal representing most particles (SI Appendix, Fig. S9). We at-
tribute these large hotspots to primary Fe minerals that are
ground from bedrock, and we attribute the background to sec-
ondary Fe species (clays, Fe oxides) that are predominantly small
(<2 μm) particles and aggregates (33–35). We use μXAS to de-
termine the speciation and mineral composition of the hotspots;
LCF at the near-edge region with standard spectra show that parts
of these Fe hotspots are ∼100% Fe(II) attributed solely to primary
Fe(II) silicate minerals (biotite and hornblende were used as
representative standards; Fig. 3). The particles in the glacial sed-
iment are more reduced, on the whole, than those in the in-
terglacial sediment (Fig. 3), and the Fe(II) hotspot/Fetotal
estimates from the μXRF maps (SI Appendix, Fig. S9) are nomi-
nally similar to the LCF-based Fe(II)/Fetotal calculations (Fig. 2).
Our identification of biotite- and hornblende-rich particles in the
glacial and interglacial sediment provides evidence that distinct
Fe(II) primary minerals are deposited to the Southern Ocean
and preserved through the processes of sediment deposition,
core collection, and core storage. We show evidence of pure
Fe(II) silicates in both glacial and interglacial sediments (Fig. 3),
which suggests glaciogenic minerals likely contribute to Fe(II)/
Fetotal throughout the glacial cycle, simply to a greater degree in
glacial periods and to a lesser degree in interglacial periods.
We can rule out diagenetic controls on Fe speciation in the
cores, because Fe(II) silicates dominate the Fe(II) signal. In ma-
rine sediments, the unknown impacts of diagenesis have precluded
previous efforts to reconstruct dust-borne Fe speciation and bio-
availability in the Southern Ocean over the last glacial cycle, since
reducing conditions in the sediment can alter Fe oxidation state
and speciation (36). Since primary Fe(II) silicates form only from
cooling magma (37) and metamorphic processes above 500 °C (38,
39), changes in primary Fe(II) silicate concentrations represent
glacial−interglacial changes in dust source [mainly the degree of
physical weathering versus chemical weathering (31)] rather than
diagenesis. Specifically, the primary Fe(II) silicates that are most
commonly identified in sediments, including chlorite, biotite, and
hornblende, cannot form under the low temperature and pressure
conditions of sediment cores (37–39), and dominate glaciogenic
dust sources impacted by physical weathering of bedrock (10, 11,
40). Secondary phyllosilicates (e.g., smectite, kaolinite, glauconite)
produced during chemical weathering and diagenesis (41) can also
contain some Fe(II), but they are structurally distinct from pri-
mary Fe(II) silicates (shown with biotite and glauconite XAS in
Fig. 3) and represent minor contributions to the total Fe(II) signal
except in interglacial periods [low dust, low Fe(II) content; SI
Appendix, Fig. S8]. Iron sulfide minerals (e.g., pyrite, which was
used in all LCF analyses), which would likely dominate any
authigenic Fe(II) signal (36), contribute only minimally to the
mineral composition of all samples as determined using LCF (SI
Appendix, Fig. S8). However, sulfide minerals may not be well
Fig. 2. (A and C) Dust fluxes and Fe(II)/Fetotal re-
cords, with (B and D) total Fe fluxes and Fe(II) fluxes
over the last glacial cycle for (A and B) the South
Atlantic (TN057-06) and (C and D) the South Pacific
(PS75/56-1). (A and C) Dust fluxes are represented
with gray solid lines (gray axes). Fe(II)/Fetotal records
are blue circles connected with a dotted line (blue
axes), and they are calculated the same way as those
in Fig. 1B. The error bars for Fe(II)/Fetotal are based on
the goodness of fit using the best-fit combination of
standards, and are produced using Larch (25). (B and
D) Fe fluxes are 230Th-normalized (red lines), and
LCF-based Fe(II) fluxes (blue circles connected with a
dotted line) are the Fe(II)/Fetotal fraction multiplied
by the Fe flux. The error bars for Fe(II) flux were
calculated by propagating the errors on Fe(II)/Fetotal,
Fe concentration, and 230Th MAR. (E) The LR04
δ18O benthic stack (27) (climate proxy) shows the
glacial−interglacial cycle for the period of time span-
ned by the samples in this study. High δ18O values in-
dicate cold glacial climates, and vice versa (28). Note
that the axis is inverted, by convention. (F) The mineral
dust flux to the Antarctic EPICA Dome C (EDC) ice core
shows trends in dust supply in this time period (29).

























Figure 3.2: (A and C) Dust fluxes and Fe(II)/Fetotal records, with (B and D) total Fe fluxes and Fe(II)
fluxes over the last glacial cycle for (A and B) the South Atlantic (TN057-06) and (C and D) the South
Pacific (PS75/56-1). (A and C) Dust fluxes are represented with gray solid lines (gray axes). Fe(II)/Fetotal
records are blue circles connected with a dotted line (blue axes), and they are calculated the same way as
those in Figure 3.1B. The error bars for Fe(II)/Fetotal are based on the goodness of fit using the best-fit
combination of standards, and are produced using Larch [154]. (B and D) Fe fluxes are 230Th-normalized
(red lines), and LCF-based Fe(II) fluxes (blue circles connected with a dotted line) are the Fe(II)/Fetotal
fraction multiplied by the Fe flux. The error bars for Fe(II) flux wer calculated by propagating the errors
on Fe(II)/Fetotal, Fe conce tration, and
230Th MAR. (E) The LR04 δ18O benthic stack [155] (climate proxy)
shows the glacial-interglacial cycle for the period of time spanned by the samples in this study. High δ18O
values indicate cold glacial climates, and vice versa [156]. Note that the axis is inverted, by convention. (F)
The mineral dust flux to the Antarctic EPICA Dome C (EDC) ice core shows trends in dust supply in this
time period [157].
The Fe(II) c ntent of ust-borne Fe reac ing the Southern Ocea s h gher in glacial
periods than in interglacial periods. Thus, glacial dust sources contain more reduced Fe
species than interglacial dust sources, which is likely the result of higher and lower glacial
activity [10,35,114], respectively, in the source regions.
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3.4.2 Glaciogenic primary Fe(II) minerals modulating Fe(II) fluxes
over time
Primary Fe(II) silicate minerals (e.g., biotite and hornblende) represent the largest contri-
butions to Fe(II)/Fetotal and thus Fe(II) flux in glacial periods, as determined with bulk
XAS (Appendix D, Figures D.2 and D.8). The spectra were fully described by a mix of
crystalline mineral phases (e.g., biotite, hornblende) and more amorphous inorganic Fe (e.g.,
ferrihydrite). Our XAS method is sensitive to organic Fe species [158], but these were not
observed.
The observed Fe(II)/Fetotal and the contributions from Fe(II) silicates are both higher in
glacial periods, and lower in interglacial periods. The primary Fe(II) silicate minerals that
dominate glacial Fe fluxes are consistent with physical weathering/glacial activity, based on
mineralogical studies of modern glaciogenic dust sources [10,114]. In previous work, we have
shown that biotite and hornblende minerals in natural South American dust can alleviate
Fe limitation when added as the sole Fe source in diatom cultures [114]. The solubility
[10], general lability, and direct bioavailability [114] of these minerals, combined with their
prevalence in modern glaciogenic dust sources [114], suggest that they are important to
phytoplankton in the mixed layer of the ocean. Secondary Fe(II) minerals describe good
portions of the low interglacial Fe(II) fluxes (Appendix D, Figure D.8), which is consistent
with chemical weathering processes that are more important in interglacial periods [39].
To confirm the presence of distinct primary Fe(II) silicate minerals in the unaltered ma-
rine sediment core samples, we use an X-ray microprobe with a 2 µm × 2 µm X-ray beam size
to identify and characterize individual Fe-rich particles in a glacial (42.7 ka) and interglacial
(92.34 ka) sediment sample from the South Atlantic (Figure 3.3) . The small beam size
allows us to probe the speciation of Fe in individual particles in the sediment sample [159],
in contrast to bulk XAS, which provides the average Fe speciation and identifies the mix
of minerals. Using µXRF maps, we observe large (∼5 µm to 10 µm) Fe hotspots over a
diffuse Fe signal representing most particles (Appendix D, Figure D.9). We attribute these
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large hotspots to primary Fe minerals that are ground from bedrock, and we attribute the
background to secondary Fe species (clays, Fe oxides) that are predominantly small (<2
µm) particles and aggregates [15, 36, 160]. We use µXAS to determine the speciation and
mineral composition of the hotspots; LCF at the near-edge region with standard spectra
show that parts of these Fe hotspots are ∼100% Fe(II) attributed solely to primary Fe(II)
silicate minerals (biotite and hornblende were used as representative standards; Figure 3.3).
The particles in the glacial sediment are more reduced, on the whole, than those in the inter-
glacial sediment (Figure 3.3), and the Fe(II) hotspot/Fetotal estimates from the µXRF maps
(Appendix D, Figure D.9) are nominally similar to the LCF-based Fe(II)/Fetotal calculations
(Figure 3.2). Our identification of biotite- and hornblende-rich particles in the glacial and
interglacial sediment provides evidence that distinct Fe(II) primary minerals are deposited
to the Southern Ocean and preserved through the processes of sediment deposition, core
collection, and core storage. We show evidence of pure Fe(II) silicates in both glacial and
interglacial sediments (Figure 3.3), which suggests glaciogenic minerals likely contribute to
Fe(II)/Fetotal throughout the glacial cycle, simply to a greater degree in glacial periods and
to a lesser degree in interglacial periods.
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preserved in storage under ambient air conditions. Iron carbonate
is also minimal in all samples based on the LCF analysis. We thus
expect that our Fe(II)/Fetotal values are lower-bound estimates
but accurately represent changes in highly bioavailable primary
Fe(II) silicate deposition to the subantarctic Southern Ocean on
glacial−interglacial timescales.
We observe higher Fe(II) content [dominated by highly bio-
available glaciogenic Fe(II) silicates] in dust-borne Fe reaching
the Southern Ocean during glacial periods versus interglacial
periods. Thus, the speciation of Fe amplifies the impact of higher
total Fe on the bioavailable Fe supply that increases phyto-
plankton productivity in the Southern Ocean in glacial periods.
The Impact of Glacial Activity and Fe Speciation on Bioavailable Fe
Supply over the Last Glacial Cycle.When dust from modern sources
is added to Fe-limited diatoms, diatom growth responds linearly to
the particulate Fe(II) content (10). Thus, we suggest that Fe(II)
flux is a more importance estimator of bioavailable Fe supply than
total Fe flux. We use Fe supply amplification factors [Fe(II) flux
and total Fe flux values from Fig. 2 for a given core at a given time
point divided by the corresponding Holocene value] to determine
the likely impact of Fe(II) versus total Fe on Fe fertilization over
the last glacial cycle. Based on Fe(II) flux amplification factors for
both the South Atlantic and South Pacific, there is consistently a
∼15× to 20× higher bioavailable Fe supply to support phyto-
plankton growth in highly productive glacial periods compared
with the current interglacial in both sectors of the Southern
Ocean, and up to 30× higher bioavailable Fe supply in the South
Atlantic during Marine Isotope Stage 3 between ∼40 ka and 55 ka
(Fig. 4). These Fe(II) flux amplification factors are at least 2× and
up to 9× higher than corresponding total Fe flux amplification
factors in all periods where dust flux is at a maxima and CO2 is at a
minima over the last glacial cycle (1) (Fig. 4), suggesting that
Fe(II) fluxes are likely more important to Fe fertilization than
total Fe fluxes throughout the Southern Ocean.
Our results show that glacial activity-driven changes in Fe spe-
ciation are positively correlated with dust flux and total Fe flux on
glacial−interglacial timescales (SI Appendix, Fig. S4), suggesting
that glacial activity is likely more important to both dust production
and bioavailable Fe supply for a given dust/Fe flux than previously
believed. We show that a given Fe flux is ∼6× more bioavailable at
the LGM compared with today, based on an increase in glaciogenic
dust sources rich in highly bioavailable primary Fe(II) silicates.
Thus, changes in Fe speciation are likely crucial to glacial Fe fer-
tilization events in the Southern Ocean. Our observations are
consistent with Antarctic ice core experiments demonstrating that
dust-borne Fe is more soluble at the LGM than predicted by cur-
rent models (13). Antarctic ice core LGM dust also supports per-
sistent and relatively high dissolved Fe concentrations in diatom
cultures (17), which could be explained by continuous dissolution of
labile glaciogenic Fe(II) minerals. Our results suggest that Fe
speciation should always be considered when evaluating the Fe
supply and its impact on the biological pump. The tight correlation
between Fe flux and Fe speciation (SI Appendix, Fig. S4) means
that impacts of speciation may be misinterpreted as impacts of total
Fe. Thus, the importance of Fe speciation on Fe fertilization of the
Southern Ocean should be investigated further by looking for
preserved molecular indicators of Fe nutrition in marine sediment
cores and probing the impacts of dust-borne Fe speciation on
bioavailable Fe supply in biogeochemical models.
The trends in Fe speciation over the last glacial cycle are re-
markably similar between the subantarctic South Atlantic and South
Pacific cores, which suggests there is a universal mechanism con-
trolling the speciation and bioavailability of the dust sources in both
of these regions. We show that Fe(II)/Fetotal reaches a minimum of
∼5% to a maximum of ∼45% across the full glacial cycle in both
cores (Fig. 2), despite total Fe fluxes being ∼3× lower in the South
Pacific compared with the South Atlantic throughout the last glacial
cycle. In sediments, primary Fe(II) minerals are characteristic of
conditions of relatively high physical weathering, which mobilizes
them from bedrock, and relatively low chemical weathering, which
slows their transformation into secondary minerals (31). Clay min-
eral and quartz/feldspar ratios from the South Atlantic show that,
compared with interglacial sediments, glacial sediments have un-
dergone more physical weathering relative to chemical weathering
(40). Given the link between modern glaciers and the primary Fe(II)
content of dust sources (10), it is likely that physical glacial weath-
ering influences the changes in dust-borne Fe speciation that we
observe at high latitudes. Lower chemical weathering (drier cli-
mates) characteristic of glacial periods (44) could also contribute to
higher Fe(II)/Fetotal in glacial periods, but some important South
Atlantic and South Pacific dust sources experienced wetter condi-
tions at the LGM (45, 46), so glacial weathering may be the dom-
inant driver of Fe speciation on glacial−interglacial timescales.
Despite the lower magnitude of dust fluxes in the South Pacific,
which are thought to be dominated by Australian and New Zealand
dust sources (8), the glacial−interglacial speciation changes are ro-
bust and similar to those in the South Atlantic, which are dominated
by Patagonia dust sources (47, 48) that are highly impacted by gla-
ciers (10). If glacial processes contributed significantly to high glacial
Fe(II)/Fetotal in the South Pacific core, New Zealand may be a
significant South Pacific dust source, as suggested by modern,
modeled dust trajectories (49), since glacial activity was much more
extensive at the LGM in New Zealand (50) versus Australia (51).
Our results suggest that dust sourced across the subantarctic
Southern Ocean is more highly impacted by glacial activity at the
LGM compared with today, which impacts its speciation and
bioavailability. We show that glacial activity increases the highly
bioavailable Fe(II) silicate content of dust reaching the Southern
Fig. 3. Microprobe-based XAS of individual particles in a South Atlantic
core (TN057-06), at a glacial and interglacial depth. The black solid lines are
μXAS of three individual particles from the glacial sediment sample (42.7 ka),
and the gray solid lines are μXAS of three individual particles from the
interglacial sediment sample (92.34 ka). The spectra are labeled with their
Fe(II)/Fetotal concentrations. Fe(II)/Fetotal was calculated using LCF of the sample
with standards run contemporaneously, using the normalized intensity in
the near-edge region (7,100 eV to 7,180 eV). The glacial particles were more
reduced, on the whole, than the interglacial particles. A primary Fe(II) silicate
standard (biotite, blue), an Fe(III) oxide/hydroxide standard (goethite, or-
ange), and a secondary phyllosilicate standard (glauconite, goldenrod) are
also plotted and labeled. The pure Fe(II) particles were >99% biotite and
hornblende [primary Fe(II) silicates]. The vertical lines guide the eye to dif-
ferences in edge positions (green) and postedge features (magenta) be-
tween the Fe(II) and Fe(III) rich samples. Spectra are offset for clarity.
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Figure 3.3: Microprobe-based XAS of individual particles in a South Atlantic core (TN057-06), at a glacial
and interglacial depth. The black solid lines are µXAS of three individual particles from the glacial sediment
sample (42.7 ka), and the gray solid lines are µXAS of three individual particles from the interglacial sediment
sample (92.34 ka). The spectra are labeled with their Fe(II)/Fetotal concentrations. Fe(II)/Fetotal was
calculated using LCF of the sample with standards run contemporaneously, using the normaliz d intensity
in the near-edge region (7,100 eV to 7,180 eV). The glacial particles were more reduced, on the whole,
than the interglacial particles. A primary Fe(II) silicate standard (biotite, blue), an Fe(III) oxide/hydroxide
standard (goethite, orange), and a secondary phyllosilicate st ndard (glauconite, goldenrod) are also plotted
and labeled. The pure Fe(II) partic es were >99% biotite and hornblende [primary Fe(II) silicates]. The
vertical lines guide th eye to differences in edge positions (g een) and postedge features (magenta) between
the Fe(II) and Fe(III) rich samples. Sp ctra are offset for clar ty.
We can rule out diagenetic controls on Fe speciation in the cores, because Fe(II) silicates
dominate the Fe(II) signal. In marine sediments, the unknown impacts of diagenesis have
precluded previous efforts to reconstruct dust-borne Fe speciation and bioavailability in the
Southern Ocean over the last glacial cycle, since reducing conditions in the sediment can alter
Fe oxidation state and speciation [161]. Since primary Fe(II) silicates form only from cooling
magma [38] and metamorphic processes above 500 ◦C [162, 163], changes in primary Fe(II)
silicate concentrati ns represent glacial- nterglacial changes in dust s urce [mainly the degree
of physical weathering ve sus hemical w athering [39]] rather than diagenesis. Specifi ally,
the primary Fe(II) silica es that re mos commonly identified in sediments, includi g chlo-
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rite, biotite, and hornblende, cannot form under the low temperature and pressure conditions
of sediment cores [38, 162, 163], and dominate glaciogenic dust sources impacted by physi-
cal weathering of bedrock [10, 114, 164]. Secondary phyllosilicates (e.g., smectite, kaolinite,
glauconite) produced during chemical weathering and diagenesis [165] can also contain some
Fe(II), but they are structurally distinct from primary Fe(II) silicates (shown with biotite and
glauconite XAS in Figure 3.3) and represent minor contributions to the total Fe(II) signal
except in interglacial periods [low dust, low Fe(II) content; Appendix D, Figure D.8]. Iron
sulfide minerals (e.g., pyrite, which was used in all LCF analyses), which would likely domi-
nate any authigenic Fe(II) signal [161], contribute only minimally to the mineral composition
of all samples as determined using LCF (Appendix D, Figure D.8). However, sulfide minerals
may not be well preserved in storage under ambient air conditions. Iron carbonate is also
minimal in all samples based on the LCF analysis. We thus expect that our Fe(II)/Fetotal
values are lower-bound estimates but accurately represent changes in highly bioavailable
primary Fe(II) silicate deposition to the subantarctic Southern Ocean on glacial-interglacial
timescales.
We observe higher Fe(II) content [dominated by highly bioavailable glaciogenic Fe(II)
silicates] in dust-borne Fe reaching the Southern Ocean during glacial periods versus inter-
glacial periods. Thus, the speciation of Fe amplifies the impact of higher total Fe on the
bioavailable Fe supply that increases phytoplankton productivity in the Southern Ocean in
glacial periods.
3.4.3 The impact of glacial activity and Fe speciation on bioavail-
able Fe supply over the Last Glacial Cycle
When dust from modern sources is added to Fe-limited diatoms, diatom growth responds
linearly to the particulate Fe(II) content [114]. Thus, we suggest that Fe(II) flux is a more
importance estimator of bioavailable Fe supply than total Fe flux. We use Fe supply amplifi-
cation factors [Fe(II) flux and total Fe flux values from Figure 3.2 for a given core at a given
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time point divided by the corresponding Holocene value] to determine the likely impact of
Fe(II) versus total Fe on Fe fertilization over the last glacial cycle. Based on Fe(II) flux am-
plification factors for both the South Atlantic and South Pacific, there is consistently a ∼15×
to 20× higher bioavailable Fe supply to support phytoplankton growth in highly productive
glacial periods compared with the current interglacial in both sectors of the Southern Ocean,
and up to 30× higher bioavailable Fe supply in the South Atlantic during Marine Isotope
Stage 3 between ∼40 ka and 55 ka (Figure 3.4). These Fe(II) flux amplification factors are
at least 2× and up to 9× higher than corresponding total Fe flux amplification factors in all
periods where dust flux is at a maxima and CO2 is at a minima over the last glacial cycle [4]
(Figure 3.4), suggesting that Fe(II) fluxes are likely more important to Fe fertilization than
total Fe fluxes throughout the Southern Ocean.
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Ocean, during periods of high total dust-borne Fe flux. This
phenomenon is likely due to more mountain glaciers causing
more physical weathering and more dust production in glacial
outwash plains (52) at the LGM. We demonstrate that Fe(II)
silicate-rich glacially derived Fe increases the bioavailable Fe
supply by a factor of ∼15 to 20 in glacial versus interglacial pe-
riods, which is in comparison with the factor of ∼3 to 5 increases
in total Fe flux that have been considered in biogeochemical
models to date. Thus, the speciation of Fe should be included in
models considering the importance of dust-borne Fe to Southern
Ocean Fe fertilization. Our results suggest there is a positive
feedback between glacial weathering and cold glacial tempera-
tures, since glacial activity is associated with more bioavailable
Fe for a given Fe flux. Thus, changes in the Fe speciation and
bioavailability of dust sources are likely important drivers of
glacial−interglacial changes in atmospheric CO2 concentrations.
Materials and Methods
XAS Analysis for Bulk Sediments. Freeze-dried sediment samples werewrapped
in metal-free and X-ray-transparent Kapton tape before being mounted in
front of the X-ray beam. IronK-edgeX-ray absorption spectrawere collected in
fluorescence mode at the Stanford Synchrotron Radiation Lightsource (SSRL)
beamlines 4-1 and 4-3 and the Advanced Photon Source beamline 10-BM, with
30-element Ge or passivated implanted planar silicon (PIPS), Lytle, and
4-element Si detectors, respectively. The Fe concentration of the marine
sediment is between ∼0.5% and ∼2.5% Fe for all samples from TN057-06 (1)
and PS75/56-1 (SI Appendix, Fig. S3), making them appropriate for XAS col-
lected in fluorescence mode. All samples were run with the Fe foil standard in
transmission mode, with the foil edge calibrated to 7,112.0 eV. The typical
beam size is 1 mm by 10 mm. Spectral analysis was conducted with Matthew
Newville’s Larch Data Analysis Tools for X-ray Spectroscopy implemented in
Python (25). Larch code and documentation is available at xraypy.github.io/
xraylarch/. More details are available in SI Appendix, Extended Materials and
Methods: XAS Analysis for Bulk Sediments.
Core Age Models and Proxy Data/Paleorecords. The two Southern Ocean
sediment cores used in this study were TN057-06 from the subantarctic South
Atlantic (9) and PS75/56-1 from the subantarctic South Pacific (8). The TN057-
06 230Th-normalized 232Th/dust flux (9), Fe flux (1), alkenones flux (42), and
foraminifera-bound δ15N data (1) are all previously published. The PS75/56-1
age model is from the supplement of the recently published Basak et al. (53).
The PS75/56-1 230Th-normalized 232Th/dust flux and Fe flux are published
for the first time here, and were produced using established methods (21,
54). The Fe concentration was obtained from an XRF core scan (0.5-cm res-
olution) using an Avaatech XRF core scanner at the Alfred Wegener Institute
for Polar and Marine Research. The Fe fluorescence counts were calibrated
using >250 Fe concentration values from sediment digestions and in-
ductively coupled plasma mass spectrometry (SI Appendix, Fig. S3). Analyti-
cal errors on 230Th-normalized bulk mass accumulation rate (MAR) are 2%,
and analytical error on Fe quantification is estimated at 5%. Errors are
propagated as necessary, as described in the figure legends.
X-Ray Microprobe Analysis for Distinct Mineral Phases.Weused themicroprobe
at SSRL beamline 2-3 (spot size 2 μm × 2 μm) to identify distinct mineral phases
in unaltered South Atlantic (TN057-06) marine sediment core samples. Samples
were mounted on a single sheet of Kapton tape, in a single layer of particles.
We began with XRF maps to identify Fe hotspots, and collected XAS (in fluo-
rescence mode with a Vortex Silicon Drift Detector) at the Fe K edge to de-
termine the speciation of these Fe-rich particles. Spectral analysis was
conducted with Larch (25). More details are available in SI Appendix, Extended
Materials and Methods: X-Ray Microprobe Analysis for Distinct Mineral Phases.
Amplification Factor Calculations. Amplification factors for Fe supply [calcu-
lated separately for Fe(II) fluxes and total Fe fluxes for each core] are the Fe(II)
or total Fe flux value at a given time point divided by the Holocene Fe(II) flux
estimate or the average Holocene total Fe flux value, respectively, with error
on the Holocene Fe(II) flux estimate approximated at 10%. The Holocene
average for total Fe flux for both coreswas themeanof all data points younger
than 11.7 ka. The Holocene Fe(II) flux estimate for each core was the Holocene
average total Fe flux multiplied by the best estimate of Holocene/interglacial
Fe(II)/Fetotal. These best estimates were based on LCF-based Fe(II)/Fetotal
values (Fig. 2 and SI Appendix, Fig. S2) and edge position data converted to
Fe(II)/Fetotal (SI Appendix, Figs. S5 and S6). Data for all points younger than
11.7 ka were considered for TN057-06. Core PS75/56-1 has a longer Fe(II)
record, so all points younger than 11.7 ka as well as points in the previous in-
terglacial (119 ka to 124 ka) were considered. For both cores, the best estimates
of Holocene/interglacial Fe(II)/Fetotal were ∼5%, and resulted in Fe(II) flux am-
plification factors that are ∼2× to 9× higher than total Fe flux amplification
factors in all periods of dust maxima/CO2 minima (1) over the last glacial cycle. If
we use overly conservative Holocene Fe(II)/Fetotal values of ∼15%, based on
some nonglaciogenic South American dust sources (10) that have higher Fe(II)/
Fetotal than we observed in interglacial sediments in the cores, Fe(II) flux am-
plification factors are still ∼2× to 3× higher than total Fe flux amplification
factors in most periods of dust maxima/CO2 minima (1) over the last glacial cycle.
Fig. 4. Amplification factors for two measures of Fe supply [Fe flux in red
solid lines and Fe(II) flux in blue circles connected with a dotted line] in (A)
the South Atlantic (TN057-06) and (B) the South Pacific (PS75/56-1), with (C)
alkenones and (D) atmospheric CO2 and foraminifera-bound δ15N records. (A
and B) Amplification factors for Fe flux and Fe(II) flux show the relative in-
crease from Holocene values, for each time point. Errors are propagated for
Fe concentration, MAR, Fe(II)/Fetotal quantification, and the Holocene Fe(II)
flux estimate. Dust flux maxima corresponding to atmospheric CO2 minima
in the last glacial cycle (1) are indicated in gray shaded bars in all plots,
where Fe supply and productivity is high. In C, the alkenones flux (1, 42), a
productivity proxy for the subantarctic South Atlantic core TN057-06/site
OPD 1090, correlates with Fe supply over the last glacial cycle. In D, the
Globigerina bulloides foraminifera-bound δ15N record (1) from ODP 1090
(cyan solid line) and the atmospheric CO2 record as recorded in Antarctic ice
cores (43) (purple solid line) show the impacts of Fe fertilization over the last
glacial cycle on surface nitrate utilization and climate, respectively.

























Figure 3.4: Amplification factors for two measures of Fe supply [Fe flux in red solid lines and Fe(II) flux in
blue circles connected with a dotted line] in (A) the South Atlantic (TN057-06) and (B) the South Pacific
(PS75/56-1), with (C) alke ones and (D) atmospheric CO2 and foraminifera-bound δ
15N records. (A and
B) Amplification factors for Fe flux and Fe(II) flux show the relative increase from Holocene values, for
each time point. Errors are propagated for Fe concentration, MAR, Fe(II)/Fetotal quantification, and the
Holocene Fe(II) flux estimate. Dust flux maxima corresponding to atmospheric CO2 minima in the last
glacial cycle [4] are indicated in gray shaded bars in all plots, where Fe supply and productivity is high. In
C, the alkenones flux [4, 166], a productivity proxy for the subantarctic South Atlantic core TN057-06/site
OPD 1090, correlates with Fe su ply over the last glac al cycle. In D, the Globigerina bulloides foraminifera-
bound δ15N record [4] from ODP 1090 (cyan olid line) and the tmospheric CO2 record as recorded in
Antarctic ice cores [167] (purple solid line) show the impacts of Fe fertilization over the last glacial cycle on
surface nitrate utilization and climate, respectively.
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Our results show that glacial activity-driven changes in Fe speciation are positively cor-
related with dust flux and total Fe flux on glacial-interglacial timescales (Appendix D, Fig-
ure D.4), suggesting that glacial activity is likely more important to both dust production
and bioavailable Fe supply for a given dust/Fe flux than previously believed. We show that
a given Fe flux is ∼6× more bioavailable at the LGM compared with today, based on an
increase in glaciogenic dust sources rich in highly bioavailable primary Fe(II) silicates. Thus,
changes in Fe speciation are likely crucial to glacial Fe fertilization events in the Southern
Ocean. Our observations are consistent with Antarctic ice core experiments demonstrating
that dust-borne Fe is more soluble at the LGM than predicted by current models [144].
Antarctic ice core LGM dust also supports persistent and relatively high dissolved Fe con-
centrations in diatom cultures [147], which could be explained by continuous dissolution of
labile glaciogenic Fe(II) minerals. Our results suggest that Fe speciation should always be
considered when evaluating the Fe supply and its impact on the biological pump. The tight
correlation between Fe flux and Fe speciation (Appendix D, Figure D.4) means that impacts
of speciation may be misinterpreted as impacts of total Fe. Thus, the importance of Fe spe-
ciation on Fe fertilization of the Southern Ocean should be investigated further by looking
for preserved molecular indicators of Fe nutrition in marine sediment cores and probing the
impacts of dust-borne Fe speciation on bioavailable Fe supply in biogeochemical models.
The trends in Fe speciation over the last glacial cycle are remarkably similar between
the subantarctic South Atlantic and South Pacific cores, which suggests there is a universal
mechanism controlling the speciation and bioavailability of the dust sources in both of these
regions. We show that Fe(II)/Fetotal reaches a minimum of ∼5% to a maximum of ∼45%
across the full glacial cycle in both cores (Figure 3.2), despite total Fe fluxes being ∼3×
lower in the South Pacific compared with the South Atlantic throughout the last glacial
cycle. In sediments, primary Fe(II) minerals are characteristic of conditions of relatively
high physical weathering, which mobilizes them from bedrock, and relatively low chemical
weathering, which slows their transformation into secondary minerals [39]. Clay mineral
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and quartz/feldspar ratios from the South Atlantic show that, compared with interglacial
sediments, glacial sediments have undergone more physical weathering relative to chemical
weathering [164]. Given the link between modern glaciers and the primary Fe(II) content
of dust sources [114], it is likely that physical glacial weathering influences the changes in
dust-borne Fe speciation that we observe at high latitudes. Lower chemical weathering (drier
climates) characteristic of glacial periods [168] could also contribute to higher Fe(II)/Fetotal
in glacial periods, but some important South Atlantic and South Pacific dust sources expe-
rienced wetter conditions at the LGM [169,170], so glacial weathering may be the dominant
driver of Fe speciation on glacial-interglacial timescales. Despite the lower magnitude of
dust fluxes in the South Pacific, which are thought to be dominated by Australian and New
Zealand dust sources [142], the glacial-interglacial speciation changes are robust and simi-
lar to those in the South Atlantic, which are dominated by Patagonia dust sources [62, 63]
that are highly impacted by glaciers [114]. If glacial processes contributed significantly to
high glacial Fe(II)/Fetotal in the South Pacific core, New Zealand may be a significant South
Pacific dust source, as suggested by modern, modeled dust trajectories [94], since glacial
activity was much more extensive at the LGM in New Zealand [171]versus Australia [172].
Our results suggest that dust sourced across the subantarctic Southern Ocean is more
highly impacted by glacial activity at the LGM compared with today, which impacts its
speciation and bioavailability. We show that glacial activity increases the highly bioavailable
Fe(II) silicate content of dust reaching the Southern Ocean, during periods of high total
dust-borne Fe flux. This phenomenon is likely due to more mountain glaciers causing more
physical weathering and more dust production in glacial outwash plains [96] at the LGM. We
demonstrate that Fe(II) silicate-rich glacially derived Fe increases the bioavailable Fe supply
by a factor of ∼15 to 20 in glacial versus interglacial periods, which is in comparison with the
factor of∼3 to 5 increases in total Fe flux that have been considered in biogeochemical models
to date. Thus, the speciation of Fe should be included in models considering the importance
of dust-borne Fe to Southern Ocean Fe fertilization. Our results suggest there is a positive
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feedback between glacial weathering and cold glacial temperatures, since glacial activity is
associated with more bioavailable Fe for a given Fe flux. Thus, changes in the Fe speciation
and bioavailability of dust sources are likely important drivers of glacial-interglacial changes
in atmospheric CO2 concentrations.
3.5 Materials and Methods
3.5.1 XAS analysis for bulk sediments
Freeze-dried sediment samples were wrapped in metal-free and X-ray-transparent Kapton
tape before being mounted in front of the X-ray beam. Iron K-edge X-ray absorption spec-
tra were collected in fluorescence mode at the Stanford Synchrotron Radiation Lightsource
(SSRL) beamlines 4-1 and 4-3 and the Advanced Photon Source beamline 10-BM, with 30-
element Ge or passivated implanted planar silicon (PIPS), Lytle, and 4-element Si detectors,
respectively. The Fe concentration of the marine sediment is between ∼0.5% and ∼2.5%
Fe for all samples from TN057-06 [4] and PS75/56-1 (Appendix D, Figure D.3), making
them appropriate for XAS collected in fluorescence mode. All samples were run with the Fe
foil standard in transmission mode, with the foil edge calibrated to 7,112.0 eV. The typical
beam size is 1 mm by 10 mm. Spectral analysis was conducted with Matthew Newville’s
Larch Data Analysis Tools for X-ray Spectroscopy implemented in Python [154]. Larch code
and documentation is available at xraypy.github.io/xraylarch/. More details are available in
Appendix D, Extended Materials and Methods: XAS Analysis for Bulk Sediments.
3.5.2 Core age models and proxy data/paleorecords
The two Southern Ocean sediment cores used in this study were TN057-06 from the sub-
antarctic South Atlantic [143] and PS75/56-1 from the subantarctic South Pacific [142].
The TN057-06 230Th-normalized 232Th/dust flux [143], Fe flux [4], alkenones flux [166], and
foraminifera-bound δ15N data [4] are all previously published. The PS75/56-1 age model
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is from the supplement of the recently published Basak et al. [173]. The PS75/56-1 230Th-
normalized 232Th/dust flux and Fe flux are published for the first time here, and were pro-
duced using established methods [149,174]. The Fe concentration was obtained from an XRF
core scan (0.5-cm resolution) using an Avaatech XRF core scanner at the Alfred Wegener
Institute for Polar and Marine Research. The Fe fluorescence counts were calibrated using
>250 Fe concentration values from sediment digestions and inductively coupled plasma mass
spectrometry (Appendix D, Figure D.3). Analytical errors on 230Th-normalized bulk mass
accumulation rate (MAR) are 2%, and analytical error on Fe quantification is estimated at
5%. Errors are propagated as necessary, as described in the figure legends.
3.5.3 X-ray microprobe analysis for distinct mineral phases
We used the microprobe at SSRL beamline 2-3 (spot size 2 µm × 2 µm) to identify distinct
mineral phases in unaltered South Atlantic (TN057-06) marine sediment core samples. Sam-
ples were mounted on a single sheet of Kapton tape, in a single layer of particles. We began
with XRF maps to identify Fe hotspots, and collected XAS (in fluorescence mode with a
Vortex Silicon Drift Detector) at the Fe K edge to determine the speciation of these Fe-rich
particles. Spectral analysis was conducted with Larch [154]. More details are available in
SI Appendix, Extended Materials and Methods: X-Ray Microprobe Analysis for Distinct
Mineral Phases.
3.5.4 Amplification factor calculations
Amplification factors for Fe supply [calculated separately for Fe(II) fluxes and total Fe fluxes
for each core] are the Fe(II) or total Fe flux value at a given time point divided by the Holocene
Fe(II) flux estimate or the average Holocene total Fe flux value, respectively, with error on
the Holocene Fe(II) flux estimate approximated at 10%. The Holocene average for total Fe
flux for both cores was the mean of all data points younger than 11.7 ka. The Holocene
Fe(II) flux estimate for each core was the Holocene average total Fe flux multiplied by the
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best estimate of Holocene/interglacial Fe(II)/Fetotal. These best estimates were based on
LCF-based Fe(II)/Fetotal values (Figure 3.2 and Appendix D, Figure D.2) and edge position
data converted to Fe(II)/Fetotal (Appendix D, Figures D.5 and D.6). Data for all points
younger than 11.7 ka were considered for TN057-06. Core PS75/56-1 has a longer Fe(II)
record, so all points younger than 11.7 ka as well as points in the previous interglacial (119
ka to 124 ka) were considered. For both cores, the best estimates of Holocene/interglacial
Fe(II)/Fetotal were ∼5%, and resulted in Fe(II) flux amplification factors that are ∼2× to 9×
higher than total Fe flux amplification factors in all periods of dust maxima/CO2 minima [4]
over the last glacial cycle. If we use overly conservative Holocene Fe(II)/Fetotal values of
∼15%, based on some nonglaciogenic South American dust sources [114] that have higher
Fe(II)/Fetotal than we observed in interglacial sediments in the cores, Fe(II) flux amplification
factors are still ∼2× to 3× higher than total Fe flux amplification factors in most periods of
dust maxima/CO2 minima [4] over the last glacial cycle.
3.5.5 Statistical analysis
For all LCF analysis, the error bars on the contribution from a given standard are produced
by Larch [154] in the model of IFEFFIT [175], and are the diagonal elements of the covari-
ance matrix, i.e., the variances of the individual components, when the reduced χ2 has been
corrected to be equal to 1. This correction is necessary because the estimate of measure-
ment error used in the χ2 calculation does not include sample inhomogeneity and detector
nonlinearity, which are the dominant sources of measurement error in XAS collected from
modern synchrotron light sources. When calculating Fe(II)/Fetotal for each sediment sample,
the LCF errors on the contribution from each standard are propagated, assuming a constant
Fe(II) fraction for each standard.
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3.5.6 Data availability
All raw XAS data files and new PS75/56-1 data (232Th flux and Fe flux) are deposited in
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4.1 Abstract
The speciation of iron (Fe) reaching the ocean, for instance in wind-blown dust, impacts
its bioavailability to phytoplankton and its impact on atmospheric CO2 and climate. Pri-
mary Fe(II) silicates that are physically weathered from bedrock are highly bioavailable
compared to more chemically weathered, Fe(III)-rich species, suggesting the importance
of local weathering regime (transport/supply/physical-weathering-limited versus chemical
weathering-limited) to the bioavailability of Fe reaching the ocean. Here, we use Fe X-ray
absorption spectroscopy and X-ray diffraction to investigate the global importance of physical
versus chemical weathering on Fe speciation and bulk mineralogy of marine sediments. We
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contrast the iron speciation and bulk mineralogy of sediments from arid dust sources adjacent
to mountain regions and glacially-impacted high-latitude regions where physical weathering
dominates with that of sediments deposited to not-glacially-impacted, low-latitude, and less
mountainous regions where chemical weathering dominates. We also use quartz as a tracer
of terrestrial material and quantify contributions from primary versus secondary minerals
relative to quartz. Sediment sources from high latitudes that are highly impacted by physical
weathering contain high primary Fe(II) silicate and more primary minerals relative to quartz.
In contrast, sediment sources from more chemically weathered environments do not contain
primary Fe(II) silicates and have more abundant secondary aluminosilicate and Fe(III) min-
erals, thus confirming the role of physical versus chemical weathering in Fe speciation and
mineralogy. Primary (i.e. chemically unaltered) minerals are abundant in areas dominated
by physical weathering, and often are overlooked as a potential source of bioavailable iron.
Thus, it is important to consider the role of physical weathering in Fe fertilization and biotic
CO2 cycling as well as the abiotic silicate-carbonate cycle that relies on primary mineral
alteration.
4.2 Introduction
Iron (Fe) is a micronutrient that is essential for all marine life [1]. In the oxygenated seawater
of the world’s oceans, dissolved Fe rapidly precipitates as ferrihydrite and keeps bioavailable
Fe low relative to that in freshwater lakes and rivers [2], making terrestrial dust an important
source of new Fe to phytoplankton in many regions of the ocean [19]. In high-nutrient low-
chlorophyll upwelling regions, where bioavailable Fe supply limits phytoplankton growth,
dust-borne Fe transported over long distances is a significant source of Fe to the remote
region where coastal Fe sources are minimal [4]. In the low-nutrient, downwelling gyre
regions, some phytoplankton have high Fe demands due to the role of Fe in nitrogen (N)
fixation, and these phytoplankton have been shown to “mine” Fe from natural inputs of
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Saharan dust to fulfill their needs [21,22].
When estimating the bioavailable Fe supply that can promote phytoplankton growth,
all dust-borne Fe is not equal. Fresh primary Fe(II) silicates that are physically weathered
from bedrock by glaciers are highly labile and have been shown to be directly bioavailable
to diatoms [114]. In the subantarctic Southern Ocean, the influence of glacial activity on
dust-borne Fe speciation and bioavailability results in glacial dust-borne Fe that is ∼6×
more bioavailable for a given Fe flux at the Last Glacial Maximum (LGM) compared to
interglacials [115]. While dust-borne Fe speciation has been reconstructed over the last
glacial cycle in the Southern Ocean, where the Andes and the waxing and waning of ice
sheets influence the speciation and mineral composition of the dust source [115], we do not
know whether the source geology and degree of physical weathering in major dust regions
exerts global control on dust-borne Fe speciation and bioavailability.
The mobilization of terrestrial minerals from bedrock is an important prerequisite to dust
production in a given region. In general, physical weathering mobilizes minerals from bedrock
in places where soil development and plant cover is low, through mechanical action by ice,
rocks embedded in ice, rocks carried by rivers, and rocks falling down high slopes [176]. Rates
of physical weathering generally increase with 1) increased glacial activity of continental
glaciers at the poles and 2) faster fluvial and gravitational weathering due to steep slopes
that result from mountain building [177–179]. Physical weathering mobilizes the minerals in
bedrock at the source, and exposed rocks under continental glaciers and in uplifted mountains
often contain highly bioavailable primary Fe(II) aluminosilicates (“Fe(II) silicates”) from
igneous and metamorphic mafic (Fe rich) rocks [40,180,181].
Chemical weathering results in the conversion of primary Fe(II) silicates that form in
bedrock due to high temperature and low oxygen fugacity (e.g. olivine, pyroxene, amphibole,
biotite) to secondary Fe(III) oxides and clay minerals [36–39]. The chemical weathering of
primary minerals is usually considered rapid, since primary minerals are far from equilibrium
with surface conditions [38], and these rates increase with higher temperatures and higher
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precipitation [39]. Solid-phase Fe is transferred from a range of source areas to the ocean
though riverine transport of sediment, sea ice transport of various particles, and aeolian
transport of dust; of which aeolian transport of dust is most important to remote open-
ocean regions [4]. Usually, these physical processes are thought to transport secondary
Fe(III)-rich aluminosilicates and oxidized Fe(III) particles from land [34,35,182], since those
are the typical chemical weathering products observed. However, the abundance of unaltered
primary Fe(II) minerals reaching the ocean in many areas is not clear. The abundance and
high bioavailability of those primary minerals in glacial sediments suggests that they may be
more common than previously recognized, and directly couple physical weathering to ocean
biogeochemistry and climate. If different Fe minerals dominate in low-latitude versus high-
latitude ocean regions, this may explain how different phytoplankton species interact with
different dust-borne Fe minerals [21, 22, 114]. If physically weathered dust-borne primary
Fe(II) silicates are distributed globally, and ultimately exported to and preserved in marine
sediment cores [115] on a large scale, these large fluxes of primary Fe(II) silicates to the
ocean may influence the silicate-carbonate cycle since they are fully bypassing the chemical
weathering processes that result in abiotic CO2 drawdown [183].
Here, we investigate the global role of source region geology and chemical weathering
extent on particulate Fe speciation and bioavailability, by probing the Fe speciation in a col-
lection of four marine sediment cores impacted by physically weathered sediments: Labrador
sea core tops impacted by sediments mobilized by the Greenland ice sheet; subantarctic South
Atlantic and South Pacific cores impacted by South American and New Zealand/Australian
glaciogenic dust; and a North Pacific core impacted by East Asian dust composed in part of
sediments mobilized from mountains adjacent to the desert dust source regions by ice, rivers,
and other physical processes that are sped up by steep mountain slopes. We compare these
physical-weathering-impacted cores with one low-latitude core free of glacial influence or sig-
nificant fluvial or other physical weathering processes promoted by steep mountain slopes:
a West African Margin core impacted by Saharan dust. We also characterize the bulk min-
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eralogy (quartz content and primary feldspars versus secondary clays) in the West African
Margin and South Atlantic core to confirm the role of physical versus chemical weathering in
these regions on all minerals, to support the observation that physical weathering of primary
minerals in bedrock increases the primary Fe(II) silicate content of dust-borne Fe [114,115].
We use Fe K-edge X-ray absorption spectroscopy (XAS) to determine the contribution of
Fe(II) silicate minerals to total particulate Fe, similar to other work studying the importance
of Fe speciation on dust-borne Fe bioavilability [114,115]. This method probes the Fe atoms
themselves, so we can characterize just the Fe-rich minerals in the bulk sediments with
relatively low Fe concentrations (∼0.5-2.5%) [115]. We use principal components analysis
(PCA) to group the XAS data by key features in the spectra, and isolate the impact of
key primary and secondary minerals on the observed differences between glaciogenic and
nonglaciogenic sediments. Synchrotron-based X-ray diffraction (XRD) methods support the
XAS data by characterizing all minerals, including quartz, primary feldspars, and secondary
clays, regardless of their Fe content. We remove calcite in a subset of samples in order
to concentrate the other minerals above the XRD detection limit. The synchrotron allows
us to get reliable bulk mineralogy data in very small samples, compared to conventional
Cu-tube benchtop XRD that fluoresces the samples that have had calcite removed (which
degrades their patterns). The Fe speciation data can tell us the importance of primary
versus secondary minerals in the Fe fraction, and the bulk mineralogy data can tell us
the importance of primary versus secondary minerals relative to total terrestrial flux. Both
synchrotron methods require only small amounts of sample (<100 mg), making them suitable
for well-studied and highly sampled cores with sample limitations.
We use the Fe speciation of marine sediment cores to link physical weathering with
high Fe(II) silicate content and high bioavailability in glaciogenic versus nonglaciogenic dust
globally. We also present bulk mineralogy data from the West African margin core and the
South Atlantic core to associate quartz with total terrestrial flux, primary minerals with
high physical weathering, and secondary minerals with high chemical weathering regimes.
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4.3 Methods and Materials
4.3.1 Sediment sampling
A map of the five marine sediment core locations considered (Figure 4.1) shows the global
nature of this study.
Figure 4.1: The locations of the West African Margin core (red star), the South Atlantic and South Pacific
cores (blue stars), the Greenland core tops (green star), and the North Pacific core (purple star) used to
characterize dust-borne Fe speciation using X-ray absorption spectroscopy.
The Greenland core top samples were collected from ∼5 or ∼15 cm from the bottom of
the Labrador Sea using a combination of a trace metal clean towfish, stainless steel Sea-Bird
CTD system, Niskin bottles, and core-top water from megacores. Latitudes, longitudes,
and depths for the four samples are 1) 60.2618◦ N, 46.89084◦ W, 5 cm; 2) 59.394973◦ N,
44.498036◦ W, 15 cm; 3) 63.55297◦ N, 52.22512◦ W, 5 cm; and 4) 50.2367485◦ N, 45.835899◦
W, 5 cm. Sediments were pressure-filtered onto 142 mm high-purity quartz microfiber filters
using a peristaltic pump, and oven-dried at 40◦ C overnight. Oven drying overnight up to
at least 50◦ C has been shown not to impact Fe(II) silicate minerals in marine sediment
cores [115]. The sediment coming off of Greenland is physically weathered by the Greenland
ice sheet [184, 185] and is composed mostly of primary minerals including Fe(II) silicate
minerals from the underlying Precambrian igneous and metamorphic bedrock [186].
85
The West African Margin samples were obtained from the well-characterized sediment
core OC437-7 GC68 used to examine North African dust deposition through the Last Glacial
Maximum [187]. Briefly, samples were obtained from the gravity core collected from 19.363◦
N, 17.282◦ W, 1396 m depth, and 75 km from the modern shoreline. The published dust
(aeolian) flux was differentiated from shelf and fluvial sediments based on particle size [187].
Sediments were freeze-dried after their sampling from the core, prior to XAS and XRD
analysis. The dust deposited to this core is mostly Saharan dust [187] containing quartz and
oxidized secondary minerals such as Fe oxyhydroxides and clays [10,182,188].
The North Pacific samples are from ODP 1208 (36.127◦ N, 158.2016◦ E, depth = 3346
m) [189], dated 2686.6 ka, 2608.1 ka, 3875.1 ka, and 4421.8 ka. Sediments were freeze-
dried after their sampling from the core, prior to XAS analysis. This core location has
been shown to be impacted primarily by East Asian dust [190]. Much of the sediment in
East Asian deserts and the Loess Plateau is originally derived from physical weathering
processes [191, 192]. A major source of East Asian dust reaching the remote (non-coastal)
North Pacific ocean is thought to be Taklimakan Desert/Tarim Basin dust that is entrained
in the westerlies at high elevations (>5000 m). Desert dunes in the Taklimakan Desert are
rich in fresh Fe minerals mobilized from surrounding mountains [191] through a variety of
physical weathering processes that are faster with steep mountain slopes, including glacial
grinding, frost weathering, salt weathering, eolian abrasion, and fluvial weathering [192].
Even the presumed sources of dust to the Loess Plateau (the gobi in Southern Mongolia and
the adjoining Chinese deserts) are just holding areas for dust rather than dust producers,
and mountain processes are responsible for the initial sediment formation [192]. Thus, East
Asian dust as a whole is impacted by low chemical weathering due to widespread aridity
over at least the last 22 million years [193] and by high physical weathering processes [192]
due to the mountain building that began ∼55 million years ago [194].
The subantarctic South Atlantic and South Pacific cores are well characterized [4,142,143]
and have been studied previously to reconstruct Southern Ocean dust-borne Fe speciation
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over the last glacial cycle [115]. Briefly, the South Atlantic core is TN057-06 (42.91◦ S, 8.9◦
E, 3751 m water depth, the site survey core for ODP 1090 [148]), and the South Pacific
core is PS75/56-1 (55.16◦ S, 114.79◦ W, 3581 m water depth). Sediments were freeze-dried
after their sampling from the core. We compare published X-ray absorption spectroscopy
data from these Southern Ocean cores with new spectroscopy data for the Greenland, West
African Margin, and North Pacific sediments. This paper also presents new XRD-based
bulk mineralogy data for TN057-06. The dust reaching the South Atlantic and South Pacific
dust fluxes is dominantly from glaciated regions, including Patagonia, Australia, and New
Zealand [4, 115, 142] and the Fe(II) silicate content of dust increases during cold glacial
periods compared to warm interglacials [115].
4.3.2 X-ray absorption spectroscopy
Collection of Fe speciation data followed published methods [114, 115]. Fe K-edge X-ray
absorption spectroscopy (XAS) spectra were collected at the Stanford Synchrotron Radiation
Lightsource (SSRL), beamline 4-1. Sample spectra were collected in fluorescence mode,
with a Passivated Implanted Planar Silicon (PIPS) detector, and an Fe foil standard in
transmission mode. The first derivative of the XAS spectra for the Fe foil was used to
calibrate the monochromator to 7,112.0 eV. To mount samples in front of the beam, dry
marine sediments were wrapped in Kapton tape, and small pieces (∼3 cm by ∼1.5 cm)
of the filter samples were mounted from the corners. Samples were run for 1-2 scans each.
Spectra were analyzed using Larch [154], and the energies were shifted such that the foil edge
for each scan was at 7,112.0 eV. The necessary shifts were typically within the resolution
of the instrument (∼0.7 eV). Spectra in the X-ray absorption near-edge structure (XANES)
region from 7,110-7,140 eV and 7,100-7,180 eV were used for linear combination fitting
with standards (LCF) and principal components analysis (PCA), respectively. We also
used Larch [154] for PCA [195], to take advantage of the group-based data structure, using
the numpy singular value decomposition function. For this paper, Fe speciation data was
87
collected for the Greenland, West African Margin, and North Pacific samples. The mineral
standards were run on the same beamline and with the same detector as the samples [115],
were ground from hand samples in a ceramic mortar and pestle, and were diluted ∼1:20
with boron nitride powder to make the Fe concentration appropriate for XAS collected in
fluorescence mode, except for bentonite which was undiluted and ferrihydrite which was a
previously published standard [114].
4.3.3 Synchrotron-based X-ray diffraction
We collected bulk mineralogy data on the West African Margin and South Atlantic sediments
in order to further describe dust-borne Fe mobilization and alteration processes. The X-ray
diffraction data was collected on beamline 11-3 at SSRL, with a beam energy of 12,700 eV
to prevent fluorescence. We used synchrotron X-rays tuned to a high energy because typical
laboratory instruments with Cu X-ray tubes will fluoresce Fe in the sample, and will often
result in unusable data. At SSRL, samples were mounted in front of the beam between two
layers of Kapton tape, and diffraction patterns were collected using a Raxyonics 225 area
detector. Patterns from a lanthanum hexaboride standard run contemporaneously with the
samples were used to calibrate sample geometry and incident wavelength for data reduction.
SSRL’s WxWindows Diffraction Integration Tool version 1.20 was used for data reduction,
namely conversion of the diffraction images to intensity versus 2θ at 12,700 eV (0.9762539
Å). Larch (which takes advantage of Python and matplotlib) was used for data analysis and
plotting, including conversion to the equivalent 2θ for Cu Kα (1.5418740 Å) for comparison
to conventional XRD patterns and databases. Calcite was removed from a duplicate set
of Southern Ocean samples (TN057-06, 20% acetic acid treatment) prior to XRD analysis,
in order to concentrate clay and feldspar minerals above the detection limit (∼1%). To
do so, ∼0.1 g of freeze-dried sediment was suspended in ∼1-1.5 mL of 20% acetic acid in
ultrapure distilled, deionized water (resistivity, 18.2 MΩ·cm). Once bubbling stopped (after
∼30 minutes), samples were placed in a microcentrifuge for 5 minutes at 16,870 × g. The
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supernatant was removed with a pipette, ∼1.5 mL ultrapure water was added to rinse each
sample, and samples were centrifuged again. The supernatant was removed a final time with
a pipette and sediments were air dried at room temperature in ceramic evaporating dishes
prior to analysis. For this paper, bulk Fe mineralogy data was collected for the West African
Margin and South Atlantic cores.
Using our background-subtracted XRD patterns, we calculated the relative quartz con-
tent in the sediment (semi-quantitatively) by dividing the maximum intensity of the main
quartz peak by the maximum intensity of the main calcite peak, and multiplying by the
published bulk carbonate concentration determined with chemical methods [143, 187]. This
method gives us relative quartz concentrations in the sediment, since we essentially use the
calcite as an internal standard for each sample. All values of 2θ are relative to Cu Kα X-rays
and consistent with values used recently to study the mineralogy of Saharan dust [182]. The
quartz peak height was defined as the maximum intensity between 26.4-26.9◦ 2θ (d ∼ 3.3 Å),
and the calcite peak height was defined as the maximum intensity between 29.0-29.7◦ 2θ (d
∼ 3.0 Å). Since the relative quartz content is linearly related to the dust flux (Appendix E,
Figure E.1), we normalized all patterns to a quartz peak height of 1 to normalize for dust flux
and make the peak areas/heights directly comparable between samples. The feldspar peak
area (area under the curve from 27.4-28.2◦ 2θ, d ∼ 3.2 Å), mica peak height (i.e. dehydrated
clays, maximum intensity between 19.2-20.4◦ 2θ, d ∼ 4.6-4.4 Å), and kaolinite peak height
(maximum intensity between 24.6-25.05◦ 2θ, d ∼ 3.6 Å) in the quartz-normalized pattern
were used to indicate (semi-quantitatively) the relative feldspar, mica, and kaolinite content
of the dust, respectively. For the West African Margin core, all analyses were done with
unaltered sediments. For the South Atlantic core, the calcite concentrations were high, so
it was dissolved as detailed above for the samples used to determine the relative feldspar,
mica, and kaolinite contents normalized to quartz.
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4.4 Results and Discussion
4.4.1 Contrasting the dust-borne Fe speciation and bioavailability
of major dust regions globally
X-ray absorption spectroscopy indicates that sediments from regions impacted by high physi-
cal weathering contain much more abundant Fe(II) silicates relative to regions affected mostly
by chemical weathering (Figure 4.2). The Southern Ocean glacial sediments, the Greenland
core top sediments, and the East Asian dust reaching the North Pacific all show evidence of
high primary Fe(II) silicate contributions. These primary Fe(II) silicates are indicated by the
absorption edge shifted to a lower energy, and a maximum intensity around 7,130 eV rather
than 7,133 eV. The Greenland core top samples have the highest Fe(II) silicate composition
and thus exhibit the strongest Fe(II) silicate features, namely the strong shoulder and dou-
ble peaks characteristic of biotite and hornblende and other primary Fe(II) silicate minerals
(see Appendix E, Figure E.2). Conversely, the Fe speciation in the West African Margin
core changes in respect to pyrite (the feature at ∼7,120 eV, see Appendix E, Figure E.2)






















































Figure 4.2: Fe K-edge X-ray absorption spectra for (A) a West African Margin core, (B) published Southern
Ocean cores, (C) Greenland core top samples, and (D) a North Pacific core. The West African Margin
samples are plotted in black for reference in B, C, and D. The colors of spectra spanning the last glacial
cycle (for (A) West African Margin and (B) Southern Ocean cores) correspond to the δ18O values at the
time of deposition (blues=cold glacial periods, reds=warm interglacial periods).
We reconstruct the Fe(II)/Fetotal and mineral composition of dust-borne Fe reaching the
West African Margin over the last 25,000 years (Figure 4.3) to contrast the dust-borne Fe
speciation and Fe(II) silicate content at low latitudes with published records at high latitudes,
where high glacial weathering in glacial periods increases the Fe(II) silicate content and
bioavailability of particulate Fe reaching the ocean [115]. The Fe(II)/Fetotal observed in the
sediments increases from ∼0% in interglacial periods to ∼20% during glacial periods. This
trend in Fe(II) content is generally consistent with the Southern Ocean cores [115], but the
Fe(II) mineral composition is different, suggesting a different explanation for the changes in
Fe(II) content. Linear combination fitting (LCF) of the XANES spectra suggests that the
Fe(II)/Fetotal changes are dominated by pyrite for the West African Margin core (Figure 4.3).
Pyrite is an authigenic mineral that forms in sediments under reducing conditions [196]. In
contrast, the Fe(II) in the Southern Ocean cores is almost entirely Fe(II) silicates derived
from physical weathering of bedrock by glaciers [115]. Primary Fe(II) silicate content in the
91
West African Margin core is limited or insignificant (typically <3%) and does not change
systematically with dust flux and climate as it does in the Southern Ocean [115]. The highest
primary Fe(II) silicate contribution to the West African Margin core is ∼8%, and occurs at
25,000 years at the LGM. This ∼8% primary Fe(II) silicate contribution is more comparable
to the low primary Fe(II) content of interglacial dust than the high primary Fe(II) content of
glacial dust observed at high latitudes [115]. The pyrite content in the West African Margin
core is generally higher with higher fluxes of organic carbon and Fe to the sediments, which
is consistent with the ideal conditions of pyrite formation—namely high dissolved Fe and the
reducing conditions created when organic carbon decomposes [196]. Pyrite is not observed in
Southern Ocean sediments [115], likely due to ∼10× lower carbon fluxes in the subantartic






















AHP YD BA HS1A



































Figure 4.3: (A) Fe(II)/Fetotal and mineral composition of dust-borne Fe in the West African Margin core,
with (B) dust fluxes and organic carbon fluxes to the core. (A) Filled blue squares are Fe(II)/Fetotal.
Open yellow upwards triangles, open brown downwards triangles, open light blue circles, and blue ×’s are
contributions to the total mineral composition from the Fe(II)-rich minerals pyrite (∼100% Fe(II)), bentonite
(∼33% Fe(II)), hornblende (∼100% Fe(II)), and biotite (∼100% Fe(II)), respectively. Colors match those in
Appendix E, Figure E.2. The Fe(II)/Fetotal is ∼0% in interglacial periods, and increases to ∼25% in glacial
periods. The increases in Fe(II)/Fetotal are dominated by increases in pyrite in periods of high dust flux and
high organic carbon flux. The Fe(III)-rich secondary mineral glauconite makes up the vast majority of the
remainder of the mineral composition, representing ∼80-100% of all Fe minerals in each sample. Note that
the limits of the y-axis in A are 0-20% total Fe. The periods of wet, warm climate are indicated in purple
bars and the periods of dry, cool climate are indicated in yellow bars, and all are labeled (AHP = African
Humid Period; YD = Younger Dryas; BA = Bølling-Allerød warm period; HS1 = Henrich Stadial 1) [197].
The West African Margin samples suggest Fe(II) silicates are not prevalent at low lat-
itudes, where glacial activity does not impact physical weathering. In contrast, Greenland
and East Asian dust samples compared to glacial South Atlantic and South Pacific samples
suggest physical weathering impacts Fe(II) silicate content of dusts globally, in regions with
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both continental and Alpine glaciers. Based on the XAS spectra (Figure 4.2) compared to
standards (Appendix E, Figure E.2), primary Fe(II) silicate minerals describe large portions
of the Greenland core top sediments and East Asian dust in North Pacific sediments. Using
LCF with XANES and the best 5 of 10 standards, Greenland core top samples contain ∼35-
80% Fe(II)/Fetotal with ∼35-70% of total Fe attributed to biotite, hornblende, and olivine
as representative primary Fe(II) silicates. East Asian dust in North Pacific samples contain
∼20-30% Fe(II)/Fetotal with ∼20-25% of total Fe attributed to the same representative pri-
mary minerals. Our observation that Fe(II) silicates are preserved in the old North Pacific
sediments suggests they can be used as a proxy for particulate Fe bioavailability and physical
weathering conditions on long timescales.
Our two main observations—1) Saharan dust reaching the West African Margin does not
show evidence of glacial-interglacial changes aside from secondary and authigenic mineral
content and 2) dust from East Asia and Greenland contains primary Fe(II) silicates on par
with and higher than glacial Southern Ocean dust—both suggest that physical weathering
controls the primary Fe(II) silicate content and bioavailability of Fe in dust. Fe speciation
measurements of modern dust collected at the source corroborate our dust-borne Fe specia-
tion reconstructions in our marine sediment cores. For the Southern Ocean, glaciogenic dust
sources from Patagonia contain more primary Fe(II) silicates than nonglaciogenic sources,
due to physical weathering of bedrock by glaciers [114]. Northern hemisphere glacial sources
also contain high Fe(II)/Fetotal (>70%) contained mainly in primary Fe(II) silicates such as
biotite and hornblende [10]. East Asian dust (Chinese loess) contains 33% Fe(II)/Fetotal
with contributions from hornblende [10], and others have used sequential Fe extractions
to suggest that East Asian dust contains fresh Fe minerals resulting from fast sustained
and rapid erosion rates in mountain regions to the West [191]. In contrast, Saharan dust
sources contain 0% Fe(II)/Fetotal and no Fe(II) silicates [10]. Since ∼80-100% of Fe in the
West African Margin sediment is described by the Fe(III)-rich secondary clay glauconite
rather than Fe(III) oxyhydroxides, it is likely that Fe(III) oxyhydroxides prevalent in Sa-
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haran dust [10] have reacted with sulfides to form pyrite or have been incorporated into
secondary clays. This is consistent with the observation that Fe(III) oxyhydroxides are the
most reactive Fe species in the presence of sulfides in pore waters [198], and the observa-
tion that dissolved Fe can be sequestered in glauconite as well as pyrite during sediment
diagenesis [165]. These published results suggest it is unlikely that diagenesis in the West
African Margin core is responsible for the lack of primary Fe(II) silicates observed in the core
samples, and provide further evidence that physical weathering controls global dust-borne
Fe speciation and bioavailability. Thus, dust-borne Fe species observed in marine sediment
cores and modern dust suggest that physical weathering controls the bioavailability of the
Fe globally and across geologic time, through highly bioavailable primary Fe(II) silicates.
4.4.2 Mineralogical continuum between physically and chemically
weathered Fe in sediments
We use PCA (see Materials and Methods) with all XAS samples in the XANES region (from
Figure 4.2) as well as the standards (Appendix E, Figure E.2) to show how physical and
chemical weathering regimes impact Fe mineralogy (Figure 4.4). When we consider the
first three principal components of the data (Figure 4.4), we see that the low-latitude West
African Margin samples cluster separately from the samples that are more heavily impacted
by physical weathering and have evidence of high primary Fe(II) silicates (Figure 4.2).
In PCA, the mean sample is represented by the first principal component (PC1). As other
sources contribute to a sample, there is deviation from the mean in PCA, and a corresponding
change in one or more other principal components. The subantarctic Southern Ocean samples
vary on a continuum broadly extending from oxidized Fe(III) standards (ex. glauconite,
goethite, hematite) in interglacial periods to reduced primary Fe(II) silicate standards (ex.
biotite, hornblende, olivine) in glacial periods. Principal component 2 (PC2) is the main
principal component to vary on the line between more-physically-weathered glacial samples
to less-physically-weathered interglacial samples in the Southern Ocean core, and PC2 shares
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features with reduced primary Fe(II) silicates (Appendix E, Figure E.3). The primary Fe(II)
silicate standards used in PCA (hornblende, olivine, biotite) have high loadings on the PC2
axis (loading factors, or where the sample plots on the principle component axis, are indicated
with lowercase letters, e.g. pc2), confirming this observation. East Asian samples are grouped
among glacial Southern Ocean samples, and Greenland samples are furthest towards the
Fe(II) silicate standards. The fact that all of the Fe(II) silicates are represented well by
a single component (PC2) indicates that they vary consistently and together, and thus
represent a unified source composed of a mixture of primary silicates. Given that the most
glacial sediments are most closely related to this component suggests that the primary source
contributing to PC2 is glacial sediments.
The low-latitude samples vary on a continuum from the oxidized Fe(III) standards to the
Fe(II) pyrite, varying little in PC2, indicating that they do not have a glacial source, and
instead vary most significantly in principal component 3 (PC3). Pyrite is the only mineral
reference with a high loading factor in PC3, indicating that PC3 is associated with sedi-
ment authigenesis. Thus, these low-latitude sediments from the West African margin show
no evidence of glaciation but instead have some evidence of increased authigenic mineral
formation (Figure 4.4 and Appendix E, Figure E.3). Notably, the sediments from the South-
ern Atlantic and Pacific have low pc3 values, and thus appear to be much less affected by
authigenesis, likely due to relatively low organic carbon fluxes to those cores compared to
the West African margin sediments. Combined, these data indicate that physical weath-
ering and primary Fe(II) silicate content dominates differences in dust-borne Fe speciation
and bioavailability, and that lacking rapid physical weathering, dust sources contain Fe min-
eral components that are produced through chemical weathering (for example Fe oxides) or
diagenesis.
Principal component analysis on a larger dataset would allow us to better quantify spec-
tral differences, and potentially to use those differences to address questions of provenance or
specific weathering processes. For example, future work implementing PCA could potentially
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tell us whether the precise dust source region for a particular marine sediment core changes
over time, rather than just the relative contribution from physically weathered minerals from
bedrock. With higher resolution sampling in the cores, a broad collection of endmembers
from potential dust sources collected on land, and the inclusion of other elements that also
vary over time with rock type and weathering, like germanium [199,200], we can potentially
identify distinct subsets of samples within a core that are sourced from different regions.
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Figure 4.4: Loadings for the first three principal components constructed from XANES for all cores and
standards. West African Margin samples are ×’s, and published South Atlantic and South Pacific samples are
circles and upward triangles, respectively. West African Margin, South Atlantic, and South Pacific samples
are colored by age/temperature in the same way as Figure 4.2 (reds = warm interglacial periods, blues = cold
glacial periods). North Pacific core samples are purple diamonds, and Greenland core top samples are green
downward triangles. Standards are labeled squares that are the same colors as in Appendix E, Figure E.2.
A and B are rotations of the same 3D plot for clarity.
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4.4.3 The bulk mineralogy of physically versus chemically weath-
ered sediments
We also used XRD to characterize the bulk mineralogy of representative non-glaciogenic and
glaciogenic sediment cores. This method is not Fe-specific, and can thus be used to quantify
primary versus secondary minerals that don’t necessarily contain high Fe, to more generally
characterize the physical versus chemical weathering regimes in the two regions.
Like Fe speciation, the bulk mineralogy of sediments and dusts also varies as a function
of physical and chemical weathering, and is commonly measured using XRD [164]. Although
this technique is not sufficiently sensitive to quantify most Fe minerals under typical con-
ditions, since it is not Fe specific and all Fe is just a percent or so of total mass [115], it is
highly useful to differentiate between crystalline minerals such as quartz and feldspars, and
to quantify a number of primary and secondary aluminosilicates, in dust sources [182] as
well as marine sediments [164]. Some researchers use mineral ratios (i.e. feldspar relative to
quartz) in the clay size fraction as a tracer of source area alone [164], but mineral composi-
tions will change in the bulk sediment with both 1) the primary and secondary minerals in
bedrock at the source region, and 2) how physical and chemical weathering rates change over
time at a given source [201,202]. As a result, total quartz, total feldspar, and feldspar/quartz
ratios are not characteristic of specific source region [203]. Instead, total quartz is often as-
sociated with bulk terrestrial inputs to marine sediment cores, since it is almost exclusively
continental in origin [204]. In this study, relative quantities of bulk primary versus secondary
minerals are measured with XRD (Appendix E, Figure E.4) [205].
We show that the relative quartz concentration increases with the dust flux proxy in
both low-latitude and high-latitude cores, and is thus independent of the physical weathering
regime (Figure 4.5A and B), likely because quartz is ubiquitous in terrestrial material [39].
Quartz has long been associated with Saharan dust inputs under the assumption that it is
left behind after chemical weathering [164,204], but its role in tracking dust from all sources,
including glacial sources, has been underestimated. In our high-resolution South Atlantic
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core, the relative quartz content is very well correlated with the 230Th-normalized 232Th
dust flux proxy (Appendix E, Figure E.1). In contrast, the relative quartz content is poorly
correlated with the δ18O benthic stack and benthic foraminifera δ13C in the adjacent ODP
1090 core, which are used to deduce changes in ocean currents (Appendix E, Figure E.1).
Thus, we suggest that the quartz concentration is better associated with total terrestrial
inputs rather than redistributed Saharan dust suspended in North Atlantic Deep Water
during warm interglacial periods, as suggested by Diekmann and Kuhn (2002). We can
continue to rule out the Diekmann and Kuhn redistribution conclusion by analyzing only
the small clay-sized fraction in the samples presented here, as this is the size fraction that
Diekmann and Kuhn assume is suspended and redistributed on a large scale [164].
Notably, we are able to account for calcite dilution in the cores by multiplying the calcite-
normalized quartz XRD peak by the measured calcite concentration [143]. Thus, our relative
quartz concentration does not rely on any flux proxy, and is thus not corrected for any
sediment focusing (including any possible redistribution in deep water currents as described
by Diekmann and Kuhn). Our results thus suggest that terrestrial minerals, including those
from dust, are not generally redistributed in bulk at the bottom of the ocean. Thus, the
bulk mineralogy of marine core sediments (namely relative quartz content) suggests ocean
current redistribution of sediment is not a major sediment source to the Southern Ocean,
and that changes in Fe mineralogy can be attributed to changes in local dust sources. The
tight correlation between dust flux and quartz content also suggests that XRD data can be
normalized to quartz to indicate changes in mineral composition over time, which eliminates
the need to dilute highly-limited sediment samples with an internal standard.
We present the relative ratios of feldspar/quartz, micas/quartz, and kaolinite/quartz in
both the low-latitude West African Margin core and the high-latitude South Atlantic core,
using bulk X-ray diffraction in unprocessed sediment (West African Margin) and sediment
with the majority of calcite removed (South Atlantic) (Figure 4.5). The bulk mineralogy
in both cores is impacted by changes in the weathering regime, with warm and wet periods
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exhibiting more secondary clay minerals that result from chemical weathering [39]. In the
West African Margin core, the clay mineral content (micas and kaolinite) is highest in lo-
cal warm and wet periods compared to cool and dry periods (Figure 4.5E and G). In the
South Atlantic core, the clay mineral content is also higher in the relatively warm and wet
interglacial periods compared to the cold and dry interglacial periods (Figure 4.5F and H).
The primary mineral content, as represented by the feldspars, is highest at the LGM—where
the ice cap extent is the greatest and physical weathering is relatively high (Figure 4.5D).
In the West African Margin core, the relationship between climate and primary mineral
content is not well defined (Figure 4.5C), likely due to the lack of physical weathering by
glaciers in the locals dust sources of the Sahara. Our results suggest the relative bulk mineral
contributions likely reflect both the dust source and the changing weathering regime at a
given sediment core. We confirm that physical weathering at the LGM increases the primary
minerals content of the highly bioavailable dust reaching the Southern Ocean, and this in-
crease in primary mineral content at the LGM is most prominent where physical weathering
dominates.
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Figure 4.5: The bulk mineralogy of (A, C, E, G) West African Margin and (B, D, F, H) South Atlantic
sediments over the last 25,000 and 100,000 years, respectively. (A, B) The relative quartz content in each core
(circles, left axes) with the dust flux data (grey lines, right axes). Relative quartz content is semi-quantitative
and is represented by the height of the main quartz peak (maximum intensity between 26.4-26.9◦ 2θ) divided
by the height of the main calcite peak (maximum intensity between 29.0-29.7◦ 2θ) times the published CaCO3
concentration data for each core (28, 34). (C, D) The relative feldspar/quartz content, represented by the
area under the feldspar peaks (area under the curve from 27.4-28.2◦ 2θ) normalized to the main quartz
peak (i.e. the main quartz peak has a height of 1). (E, F) The peak height for dehydrated clays (micas,
maximum intensity between 19.2-20.4◦ 2θ) normalized to the main quartz peak. (G, H). The peak height
for kaolinite (maximum intensity between 24.6-25.05◦ 2θ) normalized to the main quartz peak. All values
in 2θ are relative to Cu Kα X-rays for consistency with the literature [182]. For the West African Margin
core, the purple and yellow bars indicating warm/wet and cool/dry climate, respectively, are the same as in
Figure 4.3.
We show that sediment in our modern Greenland core top samples is almost exclusively
composed of Fe(II) silicates characteristic of high-temperature source rocks that have recently
been physically weathered, such as by glaciers, suggesting glacial activity in both hemispheres
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is associated with highly bioavailable primary minerals in particulate Fe sources. We also
show that the West African margin core does not contain significant Fe(II) silicate minerals,
demonstrating that low latitude dust sources not impacted by the high temperature minerals
and heightened rates of physical weathering in mountain regions, like the Sahara, are not
more bioavailable for a given Fe flux during glacial periods. This result confirms the role of
glacial activity as a positive feedback impacting Fe fertilization in the Fe-limited regions at
the poles. Lastly, Pliocene East Asian dust also shows significant evidence of Fe(II) silicates,
demonstrating the relatively high bioavailability of Chinese loess that is impacted by physical
weathering of mountain regions to the West, and suggesting that the speciation of dust-borne
Fe is preserved over at least several-million-year timescales, and likely much longer, which
suggests our methods can be used to study primary Fe(II) fluxes to the ocean in the oldest
sediment cores.
4.4.4 The climate implications of physical weathering controlling
primary Fe(II) silicate content and bioavailability of dust-
borne Fe
The role of physical weathering on the primary Fe(II) silicate content of dust-borne Fe has
both biotic and abiotic climate implications. Biotically, recent literature suggests partic-
ulate dust-borne Fe is increasingly important to phytoplankton across the world’s oceans
[21, 35, 114]. Notably, the speciation of dust-borne Fe impacts its bioavailability, and Fe(II)
silicates are more bioavailable than Fe(III) oxyhydroxides [114]. Our observation that physi-
cal weathering is associated with primary Fe(II) silicate content suggests that dust-borne Fe
mobilization mechanisms are influenced by local bedrock and weathering, which vary across
the world’s oceans.
We show that, globally, high physical weathering is associated with more primary Fe(II)
silicates reaching the ocean and recorded in marine sediments. Marine sediment Fe(II) sili-
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cate records over long timescales can be used in conjunction with other weathering proxies to
determine the relative contributions of physical versus chemical weathering—or the impor-
tance of supply/transport-limited versus weathering-limited regimes, respectively—to the
abiotic silicate-carbonate cycle [206]. Supply/transport-limited regimes are characterized
by congruent weathering and complete dissolution of primary minerals, and weathering-
limited regimes are characterized by incongruent weathering and incomplete dissolution of
primary minerals with secondary silicate formation [207]. Thus, the conditions where unal-
tered primary Fe(II) silicates bypass all chemical weathering and are buried and preserved
in sediments, as observed in regions of high physical weathering such as those impacted by
glaciers, can be considered an extreme weathering-limited case and their importance to the
greater silicate-carbonate cycle should be explored.
There is a range of dust sources to the ocean across the globe with variable rates of
physical and chemical weathering, which impacts their Fe speciation and bulk mineralogy.
Physical weathering generally increases the highly bioavailable primary Fe(II) silicate con-
tent and bulk primary mineral content of sediments, suggesting that glaciers and mountain
building will increase the bioavailability of Fe in a given sediment flux. Interestingly, since
we associate enhanced physical weathering with high bioavailability of Fe(II) silicates, and
physical weathering increases with high slopes and Alpine glaciers [180], it is likely that
mountain building triggers both biotic drawdown of CO2 through Fe fertilization and the
abiotic drawdown of CO2 through silicate weathering. The biotic CO2 drawdown would
impact atmospheric CO2 and climate on a much faster timescale than the abiotic drawdown
(millennia [4] versus tens of millions of years [183], respectively), so we should continue to
quantify the relative impact of both of these phenomena. It is possible that the physically-
weathered dust-borne primary Fe(II) silicates that bypass the abiotic silicate-carbonate cycle
and have the chance to fertilize phytoplankton may impact our understanding of the impact
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The iron minerals in dust and terrestrial sediments are not all equivalent as nutrient
sources. The dust and sediments delivered to the ocean have variable compositions and
bioavailabilities as a function of their source region and glacial history, including continen-
tal and Alpine glaciers if applicable. At the last glacial maximum (LGM), Fe(II) silicates
sources to the Southern Ocean were more abundant, and these highly bioavailable sources
appear to support diatom growth directly, at least partially through direct contact with the
minerals. Thus, I conclude that glacial activity in dust source regions and the speciation
of dust-borne Fe likely control productivity in the Southern Ocean. In Chapter 1, I show
that primary Fe(II) silicates, characteristic of glacial weathering, are more bioavailable to
diatoms than oxidized forms of Fe in natural dust. In Chapter 2, I show that diatoms use
particulate Fe more efficiently when there is direct contact between the two. In Chapter 3,
I show that glacial activity increases the Fe(II) silicate content of dust, thus increasing the
bioavailability of dust-borne Fe for a given Fe flux, and amplifying the increase in bioavail-
able Fe supply to the subantarctic Southern Ocean over the last glacial cycle to likely control
productivity and CO2 drawdown. In Chapter 4, I show that globally, physical weathering
of bedrock controls dust-borne Fe speciation and bioavailability, and high physical weath-
ering of bedrock with high primary Fe(II) silicate minerals results in highly bioavailable
sediment. I integrate laboratory culture experiments with paleoceanography methods to
link direct measurements of Fe bioavailability in various dust sources with Fe bioavailability
and Southern Ocean productivity over long timescales, thus providing a comprehensive look
at Fe and its impact on global biogeochemistry, including atmospheric CO2 concentrations.
An important implication of this work is that we need to standardize the ways we quantify
bioavailable Fe in both sediment cores and dust source regions—extraction methods that
leave behind Fe silicates [34] are not appropriate, since I observe highly bioavailable Fe(II)
silicates in glaciogenic and other physically weathered dust, and given the importance of
clays that others have shown [15,32].
My Fe speciation analysis suggests we can expand synchrotron-based X-ray absorption
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spectroscopy (XAS) methods to characterize Fe speciation in a wide variety of natural sed-
iments with mixed mineralogies. I have shown that Fe(II) silicates are stable for at least
several million years in sediment cores, likely longer, and Fe(II) silicates can be differentiated
from oxidized species deposited contemporaneously and authigenic minerals that form in the
core. The XAS methods used here are also sensitive to organic Fe species, so it is possible
that we can track organic Fe in regions like the Equatorial Pacific where phytoplankton likely
rely on remineralized and upwelled Fe rather than from new Fe input from dust.
I also provide more evidence of high Fe utilization efficiency when dust and phytoplankton
are in close contact, suggesting particulate Fe bioavailability should be considered in terms of
microenvironments at the particle-phytoplankton interface, not just in terms of dissolution
of the iron into the bulk ocean or laboratory culture media. Thus, future work should
investigate the precise mechanisms that occur at the dust-phytoplankton interface. Given
the observation that surface interactions make solid-phase Fe utilization by phytoplankton
more efficient, we should investigate the potential importance of biofilms and aggregates in
the utilization of solid-phase particulate and colloidal Fe globally, with laboratory culture
experiments probing the details of phytoplankton aggregation under Fe limitation and global
genomic mapping of aggregation protein expression using existing databases [208].
I also show that physical weathering of primary Fe(II) silicate-rich bedrock exerts global
control on dust-borne Fe speciation and bioavailability, suggesting the importance of primary
Fe(II) silicates to global biogeochemical cycles. Since a fraction of Fe(II) silicates are not
chemically weathered and instead bypass the abiotic silicate-carbonate cycle that influences
atmospheric CO2, yet these silicates are highly bioavailable to phytoplankton, we should
work to tease apart the impact of physical and chemical weathering on the biotic and abiotic
carbon cycles. We should also better quantify how primary minerals (feldspars) contribute
to climate as highly efficient condensation nuclei [209], given my observation that they are
important components of physically weathered dust across the world.
In future work, I plan to use bulk versus foraminifera lithium (Li) isotope ratios to
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determine the amount of unweathered Fe(II) silicates sequestered in sediments, versus the
silicates that are chemically weathered and impact ocean Li isotope ratios that are recorded
in foraminifera [207, 210]. This can tell us more about the quantity of silicates that are
bypassing the chemical weathering process on land and not contributing to abiotic CO2
drawdown in the silicate carbonate cycle. Instead, these unweathered Fe(II) silicates are
likely increasing Fe bioavailability and CO2 drawdown by phytoplankton. I also plan to
move forward in incorporating the Fe speciation records presented here into biogeochemical
models. To continue to refine the sensitivity of phytoplankton to dust-borne Fe inputs, I
plan to expand direct measurements of solid-phase Fe bioavailability, and investigate other
methods of quantifying Fe stress in marine sediment cores, possibility through a record of Fe
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Figure A.1: Example GEOTRACES transects with measurements of soluble, dissolved, and particulate Fe
in the North Atlantic (GA03) and South Pacific (GP16). Soluble Fe is not available for GP16. Figures are
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Table B.1: Name, type, location, and description, with references if applicable, for each sediment sample
used in this study.
GLACIOGENIC
Sample latitude longitude Description
Lago Eberhard, 680 cm -51.6100 -72.6300 Coarse layer in glacio-lacustrine sediment, deposited (∼16,000 years
ago) after ice recession, near Puerto Natales. Inferred to be either a
glacier meltwater plume or ice rafted debris layer [213]
Lago Eberhard, 730 cm -51.6100 -72.6300 Coarse layer in glacio-lacustrine sediment, deposited (∼16,000 years
ago) after ice recession, near Puerto Natales. Inferred to be either a
glacier meltwater plume or ice rafted debris layer [213]
MK2 -50.9542 -72.7932 Glacio-lacustrine sediment reworked within till, in Torres del Paine.
Essentially, glacial ‘rock flour’ deposited in a large proglacial lake that
was dammed by the remnant Patagonian ice sheet ∼14,000 years ago,
that was then reworked into a glacial deposit during an advance [214]
MK3 -50.9644 -72.7889 Glacio-lacustrine sediment (rock flour) on top of a Late Glacial moraine
in Torres del Paine. A large proglacial lake that was dammed by the
remnant Patagonian ice sheet <14,000 years ago [214]
MK6 -49.9790 -73.3103 Sediment from a modern moraine in the Upsala glacier area in the Lago
Argentino basin. This 1973 moraine is at the entrance to Agassiz Este
valley. We sampled the moraine matrix (finer) [100]
PMG -50.4901 -73.0542 Sediment in the Perito Moreno Glacier in the Lago Argentino basin.
This is sediment coming out of the glacier today (modern glaciogenic
sediment source)
SAF15 -50.7160 -73.0744 Sediment from a relatively recent moraine formed by the Fras glacier in
the Lago Argentino basin. We sampled the moraine matrix (finer) near
a 140 year 10-Be age [215]
SLG -47.4822 -72.3651 Sediment from a moraine in the San Lorenzo area. Late Glacial in age
SMD13-3 -52.9096 -70.0337 Sediment from a large outwash plain headed towards the South Atlantic
Ocean, 20,000 years old [101], in the Strait of Magellan area. The
sample was from a gravel pit close to where a moraine transitions to
the outwash
NON-GLACIOGENIC
Sample latitude longitude Description
Cardiel 1014 (CAR14) -48.8597 -71.0579 Sediments deposited during former high stand (+45 m) of Lago Cardiel,
Patagonia. The sediments are at 304m elevation and Holocene in age
[102]
Cardiel 1019 (CAR19) -48.9530 -71.0783 Sediments deposited during former high stand (+55 m) of Lago Cardiel,
Patagonia. The samples are at 312m elevation and Holocene in age [102]
Fenix VB -46.6313 -70.9629 From a dust trap set up on a moraine. Modern material material blown
into the dust trap over a 2 year period [190,216]
Lago Argentino 1 -50.2034 -71.9372 Sample collected from a dune like feature at the end of Lago Argentino
[190]
SAF2 -30.61 -69.06 Sample collected from dry lakebed at Barriales, Central West Argentina
[190]
SAF3 -27.02 -66.51 Sample collected from alluvial fan, Campo Arenal, Puna [190]
SAF5 -23.60 -65.86 Sample collected from dry lakebed, Guayatayoc, Puna [190]
SAF10 -29.29 -67.51 Sample collected from alluvial fan, Nonogasta, Central West Argentina
[190]
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Table B.2: Mineral components, Fe(II), and solubility based on linear combination fitting of XAS spectra.
Analytical errors are those reported by Sam Webb’s SIXPack software, and propagated for Fe(II) percentage
based on the Fe(II) content of the pure mineral structure. We considered hornblende to contain 50% Fe(II),
50% Fe(III). Fe content for sediments used in cultures include weight % Fe(II) content from XRF data (see
Methods).
GLACIOGENIC
Sample hematite magnetite siderite ferrihydrite goethite
Lago Eberhard, 680 cm 0.33 ± 2.0% 0.0 ± 3.4% 14.7 ± 5.6% 8.4 ± 9.0% 0.1 ± 6.2%
Lago Eberhard, 730 cm 0.21 ± 2.4% 0.0 ± 4.2% 20.2 ± 6.8% 25.8 ± 11.0% 0.0 ± 7.6%
MK2 2.5 ± 1.6% 0.7 ± 2.7% 22.5 ± 4.3% 36.4 ± 6.9% 0.0 ± 4.8%
MK3 0.64 ± 2.1% 1.9 ± 2.9% 6.8 ± 3.6% 39.9 ± 9.4% 0.0 ± 4.2%
MK6 (2.8wt% Fe) 0.37 ± 2.7% 0.0 ± 4.7% 37.4 ± 7.6% 0.0 ± 12.2% 0.0 ± 8.4%
PMG (1.8wt% Fe) 0.36 ± 2.4% 0.0 ± 3.6% 7.1 ± 4.1% 22.3 ± 12.0% 0.0 ± 5.2%
SAF15 1.0 ± 3.0% 0.0 ± 4.3% 0.0 ± 5.1% 7.1 ± 14.9% 14.9 ± 6.4%
SLG 9.5 ± 3.0% 0.0 ± 4.1% 0.1 ± 5.1% 26.3 ± 13.3% 0.2 ± 6.0%
SMD13-3 (16wt% Fe) 0.0 ± 1.9% 0.7 ± 2.6% 3.4 ± 3.3% 46.3 ± 8.6% 0.0 ± 3.9%
GLACIOGENIC (cont.)
Sample pyrite glauconite biotite hornblende Fe(II) Cumulative solubility
Lago Eberhard, 680 cm 0.0 ± 1.2% 14.1 ± 3.9% 19.5 ± 3.9% 42.9 ± 5.5% 56 ± 8% 2.7%
Lago Eberhard, 730 cm 4.0 ± 1.5% 1.6 ± 4.7% 33.6 ± 4.8% 14.6 ± 6.7% 65 ± 9% 2.6%
MK2 1.8 ± 0.9% 0.7 ± 3.0% 15.6 ± 3.1% 19.8 ± 4.2% 50 ± 6% 2.5%
MK3 1.7 ± 1.1% 1.5 ± 3.5% 19.3 ± 3.7% 28.3 ± 4.3% 43 ± 6% 2.0%
MK6 (2.8wt% Fe) 4.1 ± 1.6% 0.0 ± 5.3% 45.4 ± 5.4% 12.7 ± 7.5% 93 ± 10% 3.4%
PMG (1.8wt% Fe) 0.0 ± 1.2% 0.0 ± 4.9% 34.1 ± 4.3% 36.1 ± 5.2% 59 ± 7% 2.3%
SAF15 1.9 ± 1.6% 5.5 ± 5.7% 21.6 ± 5.4% 48.0 ± 6.2% 48 ± 8% 2.1%
SLG 6.6 ± 1.5% 17.8 ± 5.1% 21.6 ± 5.2% 17.9 ± 6.1% 37 ± 8% 1.9%
SMD13-3 (16wt% Fe) 0.0 ± 1.0% 0.1 ± 3.3% 18.2 ± 3.3% 31.4 ± 3.9% 37 ± 5% 1.8%
NON-GLACIOGENIC
Sample hematite magnetite siderite ferrihydrite goethite
Cardiel 1014 (CAR14, 3.3wt% Fe) 0.07 ± 2.1% 0.2 ± 3.2% 0.0 ± 3.6% 28.4 ± 10.8% 4.2 ± 4.6%
Cardiel 1019 (CAR19, 1.8wt% Fe) 2.3 ± 1.8% 0.0 ± 3.0% 0.0 ± 4.9% 23.9 ± 7.9% 16.3 ± 5.5%
Fenix VB 8.0 ± 2.2% 2.0 ± 3.9% 0.0 ± 6.3% 61.1 ± 10.2% 0.0 ± 7.0%
Lago Argentino 1 11.1 ± 2.1% 3.9 ± 3.6% 0.0 ± 5.9% 36.5 ± 9.4% 6.1 ± 6.5%
SAF2 5.1 ± 1.7% 0.0 ± 2.5% 0.0 ± 2.9% 32.9 ± 8.6% 13.9 ± 3.7%
SAF3 4.6 ± 2.3% 3.8 ± 3.3% 0.0 ± 3.87% 37.7 ± 11.4% 0.0 ± 4.9%
SAF5 10.1 ± 2.3% 0.0 ± 3.2% 2.0 ± 3.8% 41.6 ± 11.2% 1.5 ± 4.9%
SAF10 10.6 ± 2.2% 0.0 ± 3.2% 0.0 ± 3.6% 47.7 ± 10.7% 4.7 ± 4.7%
NON-GLACIOGENIC (cont.)
Sample pyrite glauconite biotite hornblende Fe(II) Cumulative solubility
Cardiel 1014 (CAR14, 3.3wt% Fe) 0.0 ± 1.1% 28.7 ± 4.0% 0.0 ± 3.9% 38.4 ± 4.6% 19 ± 6% 1.8%
Cardiel 1019 (CAR19, 1.8wt% Fe) 0.1 ± 1.1% 32.7 ± 3.4% 0.0 ± 3.6% 24.8 ± 4.9% 12 ± 7% 1.4%
Fenix VB 0.0 ± 1.4% 5.0 ± 4.4% 0.0 ± 4.5% 23.9 ± 6.3% 13 ± 9% 1.3%
Lago Argentino 1 0.2 ± 1.2% 8.2 ± 4.0% 3.4 ± 4.1% 30.6 ± 5.7% 20 ± 8% 1.4%
SAF2 1.5 ± 0.9% 16.4 ± 3.3% 9.4 ± 3.1% 20.8 ± 3.5% 21 ± 5% 1.4%
SAF3 0.0 ± 1.2% 28.2 ± 4.3% 0.0 ± 4.1% 25.8 ± 4.7% 14 ± 6% 1.5%
SAF5 0.0 ± 1.2% 14.0 ± 4.1% 5.6 ± 4.1% 25.2 ± 4.7% 20 ± 6% 1.5%
SAF10 0.0 ± 1.1% 11.9 ± 4.0% 2.0 ± 3.9% 23.0 ± 4.5% 14 ± 6% 1.3%
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fig. S1. Dialysis bag experiments with P. tricornutum. Growth curves for P. tricornutum exposed to 0.1 g/L basalt 
particulates (2.0 m2 surface area/g) both inside and outside of bags made with 1% w/v EDTA-cleaned 2000 Da 
dialysis tubing. The samples with basalt in bags (filled diamonds), basalt outside of bags (open diamonds), and ‘no 
Fe added’ control (filled squares) all contained dialysis bags for consistency. Cultures were inoculated to 2000 
cells/mL at the beginning of the experiment and cells were placed outside of the dialysis bags such that when the 
basalt was outside of the bags, direct contact between particulates and diatoms was allowed. These cultures were 
grown in typical f/2 media with natural coastal seawater and no EDTA, so the relatively high growth in the ‘no Fe 
added’ control was subtracted from the rest of the data. Error bars represent the range of values for the experiments 
run in triplicate (solid error bars) and duplicate (hashed error bars). The ‘no Fe added’ control is included in the plot 
to emphasize that these are all differences from the control, since control growth was not zero. The control culture 
reached a cell density of about 1.2 million cells by the final data point of the experiment. Diatom growth was higher 
when basalt was added outside the dialysis bag versus inside the dialysis bag for this experiment and an additional 
three similar experiments, not shown. In a separate experiment, soluble FeCl3 added to the inside of a dialysis bag 
was used to confirm that soluble Fe reached a quick equilibrium with the media outside the bag. 
 































Figure B.1: Dialysis experiments with P. tricornutum. Growth cu ves for P. tricornutum exposed to
0.1 g/L basalt particulates (2.0 m2 surface area/g) both inside and outside of bags made with 1% w/v
EDTA-cleaned 2000 Da dialysis tubing. The samples with basalt in bags (filled diamonds), basalt outside of
bags (open diamonds), a d ‘no Fe added’ control (filled squares) all contained dialysis bags for consistency.
Cultures were inoculated to 2000 c lls/mL at the beginning of the experiment and cells were placed outside
of the dialysis bags such that when the basalt was outside of the bags, direct contact between particulates
and diatoms was allowed. These cultures were grown in typical f/2 media with natural coastal seawater and
no EDTA, so the rel tively high growth in t e ‘no Fe added’ control was subtracted from the rest of the
data. Er or bars represent the range of values for the ex eriments run in triplicate (solid error bars) and
duplicate (hashed error bars). The ‘no Fe added’ control is included in the plot to emphasize that these are
all differences from the control, since control growth was not zero. The control culture reached a cell density
of about 1.2 million cells by the final data point of the experiment. Diatom growth was higher when basalt
was added outside the dialysis bag versus inside the dialysis bag for this experiment and an additional three
similar experiments, not shown. In a separate experiment, soluble FeCl3 added to the inside of a dialysis
bag was used to confirm that soluble Fe reached a quick equilibrium with the media outside the bag.
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Table B.3: Principal component loadings. Loadings per sample/standard of principal components generated
from samples. Standards are not included in the generation of the components. The Fe(II) content by
percent of total Fe (%Fe(II)) is also listed. Errors are 67% confidence intervals based on the calibration
curve (Figure B.2).
GLACIOGENIC
Sample pc1 pc2 pc3 pc4 pc5 pc6 Fe(II)
Lago Eberhard, 680 cm -21.03 -10.83 -1.56 -2.37 -3.04 -3.00 59 ± 11%
Lago Eberhard, 730 cm -19.55 -15.42 -1.78 -2.89 -1.23 -0.27 69 ± 12%
MK2 -18.23 -8.44 -1.59 -2.31 0.79 1.01 54 ± 11%
MK3 -21.42 -12.06 4.04 -3.36 -0.41 1.41 61 ± 11%
MK6 -17.26 -21.34 -3.77 -0.11 -7.82 -3.79 81 ± 12%
PMG -20.46 -19.58 4.97 10.24 1.07 7.44 78 ± 12%
SAF15 -21.25 -8.67 0.79 5.99 0.90 -7.41 54 ± 11%
SLG -26.15 -5.36 4.65 1.21 6.62 -1.76 47 ±11%
SMD13-3 -18.95 -9.07 3.94 -1.16 0.15 0.17 55 ± 11%
NON-GLACIOGENIC
Sample pc1 pc2 pc3 pc4 pc5 pc6 Fe(II)
Cardiel 1014 (CAR14) -39.32 24.22 14.17 3.48 -7.25 -1.03 -17 ± 12%
Cardiel 1019 (CAR19) -30.41 11.15 3.62 -4.88 -0.91 0.68 11 ± 11%
Fenix VB -17.34 4.42 -2.00 -2.43 5.52 1.21 26 ± 11%
Lago Argentino 1 -17.49 2.25 -2.13 -3.63 0.35 4.36 31 ± 11%
SAF2 -27.10 6.20 0.39 -1.46 6.19 -0.60 22 ± 11%
SAF3 -30.16 13.22 -7.75 3.92 -0.65 6.07 7 ± 11%
SAF5 -26.38 6.43 -13.68 -0.51 -5.50 2.90 22 ± 11%
SAF10 -30.66 12.71 -9.86 4.89 3.45 -7.12 8 ± 11%
STANDARDS
Sample pc1 pc2 pc3 pc4 pc5 pc6 Fe(II)
hematite -19.55 19.60 -4.51 0%
glauconite -31.66 15.08 1.82 0%
goethite -24.49 13.88 -2.40 0%
magnetite -19.06 5.75 -1.34 33%
hornblende -22.65 -11.98 5.68 50%
biotite -16.04 -28.91 1.96 100%
 
fig. S2. Principal component loadings versus Fe(II) content for reference standards and samples. (A) Principal 
components #1 versus #2 for each sample and (B) reference standard calibration curve of Fe content, %Fe(II), 





fig. S3. Subset of reference spectra used for LCF that were also used for PCA, with Fe(II) content. The spectra 
are plotted on the black x and y axes. The Fe(II) content for each mineral is plotted on the grey x axis at the top of 
the plot, and is based on the structure of the pure mineral. 










































































F ure B.2: Prin ipal component loadings versus Fe(II) c ntent for reference st ards and samples. (A)
Principal components #1 versu #2 for each sample and (B) refe ence standard calibra ion curve of Fe
content, %Fe(II), versus PC#2 lo dings used to calculate %Fe(II) for the samples.
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fig. S2. Principal component loadings versus Fe(II) content for reference standards and samples. (A) Principal 
components #1 versus #2 for each sample and (B) reference standard calibration curve of Fe content, %Fe(II), 





fig. S3. Subset of reference spectra used for LCF that were also used for PCA, with Fe(II) content. The spectra 
are plotted on the black x and y axes. The Fe(II) content for each mineral is plotted on the grey x axis at the top of 
the plot, and is based on the structure of the pure mineral. 










































































Figure B.3: Subset of reference spectra used for LCF that were also used for PCA, with Fe(II) content. The
spectra are plotted on the black x and y axes. The Fe(II) content for each mineral is plotted on the grey x
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Figure C.2: The absorption of 1:1, 1:2, and 1:4 dilutions of the sample with the highest absorbance in the
extract itself (100 µM EDTA, <20 µm biotite in bag), before accounting for the volume of culture filtered for
the analysis, at (A) 629 nm and (B) 665 nm, with R2 values. The high R2 values indicate the high linearity


























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































dust-borne iron delivered to the
Southern Ocean during glacial
periods”
Extended Materials and Methods:
XAS analysis for bulk sediments
To calculate Fe(II)/Fetotal (%) for the bulk samples (Figures 3.1 and 3.2, and Appendix D
Figures D.2 and D.7), spectra from ten standards [114] were used for LCF (pyrite, siderite,
goethite, hematite, magnetite, biotite, augite, glauconite, ferrihydrite, hornblende). The fits
were made using the k3-weighted chi function from k=2 to k=8-12 Å−1, depending on the
quality of the sample data and optimized for the background spline function to end at a node.
The fitting and optimization processes were automated with a script written in Larch [154].
The Fe(II)/Fetotal (%) results in Figures 3.1 and 3.2 were obtained from the best fit to three
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standards, and the best fit to five standards produced comparable results, simply with higher
errors due to similar standards having similar spectra (Appendix D Figure D.2).
All X-ray absorption spectroscopy (XAS) spectra were processed in Larch [154], which
is a series of XAS analysis functions intended to replicate the features of the IFEFFIT
package [175] while being easily scriptable in order to analyze large data sets in batch mode.
For instance, scripts written in Larch can be used to fit a spline function with the last knot
close to a node – that does not introduce artifacts – similar to other XAS software [106,217].
Human intervention is not needed to choose an appropriate end of the spline region. Each
result was checked individually, and for a relatively small number of samples (29 of 124
total samples), the noise was too high/background was too variable to fit an appropriate
spline to the data, which often resulted in a low frequency artifact that created a significant
peak below 1 Å in R-space, which would imply a bond length below 1 Å and is physically
impossible for these samples. These poor-spline and high-noise samples were not used in
the LCF analysis, but were included in the edge position analysis since the edge position is
not sensitive to these factors. Errors on the mineral composition using LCF are produced
by Larch and propagated as necessary (for Fe(II)/Fetotal and Fe(II) flux quantification, for
instance).
Our results produced by Larch were consistent with a subset of samples processed in-
dividually in the IFEFFIT-based SIXPack interactive graphical user interface. To confirm
the effectiveness of the Larch-based analysis, the six spectra highlighted in Figure 3.1 were
analyzed in SIXPack [106], a commonly-used user interface for XAS analysis [10, 114, 218].
In SIXPack, spectra were normalized, the background function was fit and subtracted, and
Fe(II)/Fetotal was quantified using LCF of the k
3-weighted chi function with nine of the pub-
lished standards (no augite) [114]. The SIXPack-based results were highly consistent with the
Larch results – with low dust samples having Fe(II)/Fetotal values of 15±12% and 18±14%,
medium dust samples having Fe(II)/Fetotal values of 22±9% and 25±11%, and high dust
samples having Fe(II)/Fetotal values of 39±12 and 55±5%. This SIXPack analysis further
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suggests the robustness of our results. The SIXPack analysis with all 10 published standards
is consistent with the Larch-based analysis as well, with higher errors based on similarities
between the augite spectra and other Fe(II) silicate spectra (biotite and hornblende). The
pyrite and siderite contributions are also minimal in these SIXPack fits, further confirming
that Fe(II) silicates dominate Fe(II) fluxes in the cores.
Since linear combination fitting (LCF) was done using the best of 3 or 5 standards, we
are functionally using the most representative classes of minerals to fit the data (Fe(II) sili-
cates versus Fe (oxy)hydroxides versus Fe(III) silicates, etc.), and one should take care not
to over-interpret the precise identity of the minerals (biotite versus chlorite or hornblende,
for example). In addition to the LCF using published standards [114] (Figures 3.1 and 3.2,
and Appendix D Figures D.2 and D.7), we also used LCF of the k3-weighted chi function
with the best-fit 5 of 9 standards run contemporaneously with the samples plus ferrihydrite
(magnetite, bentonite, biotite, glauconite, goethite, hematite, hornblende, olivine, pyrite,
plus published ferrihydrite [114]) to calculate the oxidation state (Fe(II)/Fetotal) and mineral
composition of the core samples (Appendix D Figure D.8). This analysis was done in order
to eliminate any possibility that differences in beamline configuration between our experi-
ments and the previous experiments used to collect the published standards were producing
artifacts in the analysis. We were also able to include bentonite as one of the standards, to
represent secondary silicates containing Fe(II), since an Fe(II)-containing secondary silicate
was not available in the set of published standards. The fit results using the standards run
contemporaneously with the samples (Appendix D Figure D.8) were consistent with the fits
to published standards [114] (Figure 3.2, Appendix D, Figure D.2), suggesting the results
are robust.
Edge positions were used as an independent measure of relative oxidation state. We
considered the edge position to be the point at which the normalized intensity (the mu
function) crossed 0.9 [219]. As mentioned above, no samples were excluded from the edge
position/oxidation state analysis. For this analysis, the edge position for each spectra was
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shifted between -1.0 eV and +0.8 eV as appropriate for each sample, such that the E0
calculated for the foil standard using Larch was at the calibration energy of 7,112.0 eV. Over
85% of the samples were shifted by an amount less than the typical energy resolution of the
instruments (0.7 eV). The shifted edge positions are plotted as a proxy for oxidation state
that is independent from the LCF results, to show the consistent glacial-interglacial trends
in speciation (Appendix D, Figure D.5). The energy shift that was necessary to calibrate
each sample is the difference between the shifted and un-shifted positions for a given sample
(Appendix D, Figure D.5). Lower edge positions correspond to higher Fe(II)/Fetotal and were
confirmed using standards: the mineral standard curve for edge position versus Fe(II)/Fetotal
had a negative slope and an R2 value of 0.97 (Appendix D, Figure D.6). The curve was
created using the standards run contemporaneously with the sediment samples, except pyrite.
For this curve, the Fe oxidation state was considered to be all Fe(II) for hornblende, biotite,
and olivine; all Fe(III) for goethite, hematite, and glauconite; and 1:3 Fe(II):Fe(III) for
magnetite and bentonite, based on the centroid position and integrated intensity of the pre-
edge features [220]. These Fe content estimates were also used for Fe(II)/Fetotal quantification
using the LCF results (Figures 3.1 and 3.2, 3.3, and Appendix D Figures D.2 and D.7, D.8).
X-ray microprobe analysis for distinct mineral phases
We chose one glacial/high Fe(II) (dated 42.7 ka) and one interglacial/low Fe(II) sample
(dated 92.34 ka) for these analyses. These samples/dates were chosen simply because there
was plenty of sample available at these depths, since the core has been extensively sampled
and some key depths are now relatively sample-limited. A set of the standards run contem-
poraneously with the bulk XAS samples (magnetite, bentonite, biotite, glauconite, goethite,
hematite, hornblende, pyrite) plus published ferrihydrite [114] were used for LCF of the nor-
malized intensity in the near-edge region (7,100-7,180 eV) to determine Fe(II)/Fetotal of each
particle probed. The best-fit combination of 5 standards was used. The spectra were not








Fig. S1. Map of subantarctic Southern Ocean marine sediment core locations with fronts (10) and surface 
nitrate from 30 m (annual mean, World Ocean Atlas 2009 (11)). The Subtropical Front (10) (orange) 
represents the northernmost boundary of the subantarctic Southern Ocean (Subantarctic Zone). The 
Subantarctic Front (10) is drawn in white, and the Polar Front (10) (blue) divides the Antarctic Zone to the 
south from the Subantartic Zone to the north. Both cores are located in the Subantarctic Zone. Figure was 
created using Ocean Data View (12).  
Figure D.1: Map f s bantarctic Southern Ocean marin sediment core locations with fronts [221] and
surface nitrate from 30 m (annual mean, World Ocean Atlas 2009 [222]). The Subtropical Front [221]
(orange) represents the northernmost b undary of the subantarctic outhern Ocean (Suba tarctic Zone).
The Subantarctic Front [221] is drawn in white, and the Polar Front [221] (blue) divides the Antarctic Zone
to the south from the Subantartic Zone to the north. Both cores are located in the Subantarctic Zone.







Fig. S2. Fe speciation reconstructions for (A) the South Atlantic core TN057-06 and (C) the South Pacific 
core PS75/56-1. (A, C) The 230Th-normalized 232Th-based dust fluxes (grey lines, grey axes) are plotted 
with LCF-based Fe(II)/Fetotal using 10 published standards with the best fit of 3 standards (blue circles, blue 
axes) and with the best fit of 5 standards (pink squares, blue axes). The Fe(II)/Fetotal contributions from 
primary Fe(II) silicates are plotted for the best fit of 5 standards (dotted area). The k3-weighted chi 
function was used in fitting. All errorbars on Fe(II)/Fetotal values are based on the goodness of fit and are 
produced using Larch (2). (B) The LR04 δ18O benthic stack (13) (climate proxy) shows the glacial-
interglacial cycle for the period of time spanned by the samples in this study. High δ18O values indicate 
cold glacial climates, and vice-versa (14). Note that the axis is inverted, by convention. 
 
Figure D.2: Fe speciation reconstructions for (A) the South Atlantic core TN057-06 and (C) the South Pacific
core PS75/56-1. (A, C) The 230Th-normalized h-base dust fluxes (gr y lines, grey axes) are plotted
with LCF-based Fe(II)/Fetotal using 10 published standards with the best fit of 3 standards (blue circles, blue
axes) and with the best fit of 5 sta dards (pink quares, blue axes). The Fe(II)/Fetotal ontributions from
primary Fe(II) silicates are plotted for the best fit of 5 standards (dotted area). The k3-weighted chi function
was used in fitting. All errorbars on Fe(II)/Fetotal values are based on the goodness of fit and are produced
using Larch [154]. (B) The LR04 δ18O benthic stack [155] (climate proxy) shows the glacial-interglacial cycle
for the period of time spanned by the samples in this study. High δ18O values indicate cold glacial climates,







Fig. S3. Fe concentrations in PS75/56-1 determined with discrete digested samples/ICP-MS (grey circles) 
and XRF counts calibrated using these ICP-MS samples (black line).  
 
 
Figure D.3: Fe concentrations i PS75/56-1 etermined with discrete digested samples/ICP-MS (grey circles)







Fig. S4. Correlation plots with R2 values and p-values for (A and B) the South Atlantic (TN057-06) and (C 
and D) the South Pacific (PS75/56-1). Correlations are between (A and C) dust flux and Fe(II)/Fetotal  (%) 
and (B and D) Fe flux and Fe(II)/Fetotal (%). All correlations are positive, and all correlations are significant 







Figure D.4: Correlation plots with R2 values and p-values for (A and B) the South Atlantic (TN057-06) and
(C and D) the South Pacific (PS75/56-1). Correlations are between (A and C) dust flux and Fe(II)/Fetotal
(%) and (B and D) Fe flux and Fe(II)/Fetotal (%). All correlations are positive, and all correlations are







Fig. S5. Fe oxidation state (edge position) reconstructions for (A) the South Atlantic core TN057-06 and 
(C) the South Pacific core PS75/56-1. Edge positions are defined as the energy at which the normalized 
intensity crosses 0.9. The edge positions were calibrated to the Fe K-edge of the Fe foil run in transmission 
mode with each of the samples and are shown in light blue circles (light blue axes). The un-calibrated edge 
positions are shown in orange ×’s (light blue axes) to indicate the energy shifts used in the calibration. (B) 
The LR04 δ18O benthic stack (13) (climate proxy) shows the glacial-interglacial cycle for the period of time 
spanned by the samples in this study. High δ18O values indicate cold glacial climates, and vice-versa (14). 




Figure D.5: Fe oxidation state ( dge position) structions for (A) the South Atlantic core TN057-06 and
(C) the South Pacific core PS75/56-1. Edge positions are defined as the energy at which the normalized
intensity crosses 0.9. The edge positions were calibrated to the Fe K-edge of the Fe foil run in transmission
mode with each of the samples and are shown in light blue circles (light blue axes). The un-calibrated edge
positions are shown in orange ×’s (light blue axes) to indicate the energy shifts used in the calibration.
(B) The LR04 δ18O benthic stack (clim te proxy) shows the glacial-interglacial cycle for the p riod of time
spanned by the samples in this study. High δ18O values indicate cold glacial climates, and vice-versa [156].







Fig. S6. The calibration curve of Fe(II)/Fetotal versus edge position for standards run contemporaneously 
with the marine sediment core samples. The negative slope between Fe(II)/Fetotal (%) and edge position 
(eV) shows the relationship between oxidation state and XAS. The R2 value for the linear fit is 0.97. The 
standards shown are hematite (filled square), goethite (plus sign), glauconite (open triangle), bentonite 




Figure D.6: The calibration curve of Fe(II)/Fetotal versus edge position for standards run contemporaneously
with the marine sediment core samples. The negative slope between Fe(II)/Fetotal (%) and edge position
(eV) shows the relationship between oxidation state and XAS. The R2 value for the linear fit is 0.97. The
standards shown are hematite (filled square), goethite (plus sign), glauconite (open triangle), bentonite







Fig. S7. (A) The Fe(II)/Fetotal  (%) for unprocessed (square), oven-dried (triangle), and freeze-dried (circle) 
sediment from the South Atlantic core TN057-06 at 90-91 cm depth (dated 25.47 ka). The values were 
obtained with LCF of the k3-weighted chi function using the best 3 of 10 published standards and their 
Fe(II) content. (B) The XAS spectra of the unprocessed (dotted line), oven-dried (dashed line), and freeze-
dried (solid line) sediment plotted in the near-edge region. For all three samples, the Fe(II) fraction 
determined using LCF analysis is all hornblende (primary Fe(II) silicate). 
 
Figure D.7: A) The Fe(II)/Fetotal (%) for unprocessed (square), oven-dried (triangle), and freeze-dried
(circle) sediment from the South Atlantic core TN057-06 at 90-91 cm depth (dated 25.47 ka). The values
were obtained with LCF of the k3-weighted chi function using the best 3 of 10 published standards and
their Fe(II) content. (B) The XAS spectra of the unprocessed (dotted line), oven-dried (dashed line), and
freeze-dried (solid line) sediment plotted in the near-edge region. For all three samples, the Fe(II) fraction







Fig. S8. The breakdown of minerals contributing to trends in Fe(II)/Fetotal (%) for (A) the South Atlantic 
core TN057-06, and (B) the South Pacific core PS75/56-1. The dotted portion represents the contribution 
from primary Fe(II) silicates (olivine, hornblende, biotite), purple from secondary silicates (bentonite), 
orange from oxides (magnetite), and yellow from sulfides (pyrite). The standards used for these fits were 
run contemporaneously with the standards, resulting in small differences compared to the Fe(II)/Fetotal 
record made with published standards (Fig. 2 and Fig. S2), but the trends are highly consistent suggesting 
the Fe(II) reconstruction results are robust. 
Figure D.8: The o n of minerals con ributing to trends in Fe(II)/Fetotal (%) for (A) the South
Atlantic core TN057-06, and (B) the South Pacific core PS75/56-1. The dotted portion represents the
contribution from primary Fe(II) silicates (olivine, hornblende, biotite), purple from secondary silicates
(bentonite), orange from oxides (magnetite), and yellow from sulfides (pyrite). The standards used for
these fits were run contemporaneously with the standards, resulting in small differences compared to the
Fe(II)/Fetotal record made with published standards (Figure 3.2 and Appendix D Figure D.2), but the trends







Fig. S9. Microprobe Fe XRF maps for a glacial and an interglacial sediment sample from the South 
Atlantic core TN057-06. (A and B) Fe maps for glacial sediment from 41.47 ka and (C and D) Fe maps for 
interglacial sediment from 92.34 ka. The original (unmasked) data (A and C) shows all Fe fluorescence, and 
the masked data (B and D) isolates the large Fe hotspots attributed to primary Fe(II) minerals from the rest 
of the sediment. For the glacial sediments (A and B), the Fe hotspots are responsible for about 26% of the 
total Fe fluorescence (compared to the 28% Fe(II)/Fetotal estimate from bulk XAS). For the interglacial 
sediments (C and D), the Fe hotspots are responsible for about 18% of the total Fe fluorescence (compared 
to the 12% Fe(II)/Fetotal estimate from bulk XAS). Each pixel is 2×2 µm. 
 
 
Figure D.9: Microprobe Fe XRF maps for a glacial and an interglacial sediment sample from the South
Atlantic core TN057-06. (A and B) Fe maps for glacial sediment from 41.47 ka and (C and D) Fe maps for
interglacial sediment from 92.34 ka. The original (unmasked) data (A and C) shows all Fe fluorescence, and
the masked data (B and D) isolates the large Fe hotspots attributed to primary Fe(II) minerals from the
rest of the sediment. For the glacial sediments (A and B), the Fe hotspots are responsible for about 26% of
the total Fe fluorescence (compared to the 28% Fe(II)/Fetotal estimate from bulk XAS). For the interglacial
sediments (C and D), the Fe hotspots are responsible for about 18% of the total Fe fluorescence (compared
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Figure E.1: The quartz content relative to paleoclimate proxies in the South Atlantic marine sediment core
TN057-06. The quartz content (relative quartz/calcite×[CaCO3]) in circles with (A) the dust flux proxy,
(C) δ18O, (E) G. bulloides δ13C, and (G) and C. wuellerstorfi δ13C over time. The δ18O is used as a proxy
for temperature and ice cover, and the foraminifera δ13C are used as water mass proxies and indicators of
changing ocean currents. Corresponding linear fits between the quartz content and the proxies are show
in B, D, F, and H. The δ18O values for the quartz content values are indicated by the color of the symbol
(see the colorbar to the right of the plot). Cool colors indicate cold glacial temperatures, and warm colors
indicate warm interglacial temperatures.
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Figure E.2: The normalized intensity of the standards used in this paper. These were used with linear
combination fitting (LCF) to determine the mineral composition of previously uncharacterized samples, and
in principal component analysis (PCA) to determine the influence of physical weathering on primary Fe(II)
silicate content.

































Figure E.3: The first three components resulting from Principal Component Analysis (PCA) of the normal-
ized intensity from 7,100 to 7,180 eV of the samples and standards.
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Figure E.4: (A) All un-normalized X-ray diffraction (XRD) patterns for the West African Margin core
GC68, after background subtraction. (B) All XRD patterns for GC68 normalized to quartz—the intensities
are divided by the quartz peak height such that the quartz peak height becomes 1 for all samples. The
δ18O values are indicated by the color of the pattern (see the colorbar to the right of the plot). Cool colors
indicate cold glacial temperatures, and warm colors indicate warm interglacial temperatures.
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